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Continental basin margin systems are dominated by alluvial fan environments throughout 
basin development. As the fan is long-lived, the sediments interdigitate with 
contemporaneous environments of deposition in the basin centre. The facies and 
architectures of alluvial fan deposits are influenced by: 1) the varied environments of the 
fan; 2) the interactions of the fan with contemporaneous distal environments; 3) allocyclic 
controls on these environments; and, 4) smaller-scale, and more localised, controls of 
climate, tectonics, base level, and sediment supply.  
This work considers the Cutler Group sediments of the Paradox Basin, western U.S.A. 
The proximal extent of the Cutler Group comprises a well exposed continental basin 
margin system. This work presents generalised spatial facies models across the proximal 
Cutler Group to ascertain the varied environments of the fan, and the zone of interaction 
between the fan and the contemporaneous distal environments. Temporal facies models 
have been constructed to highlight how long-term allocyclic climatic changes, and 
localised autocyclic variations control the deposition of the Cutler Group. The identification 
of this cyclicity is used to cyclostratigraphically correlate through the basinal deposits. 
The deposits of the basin margin system have the potential to significantly impact upon 
basin-scale fluid migration pathways. These impacts include: 1) interconnecting isolated 
permeable lithologies of the distal basin; 2) creating ‘thief zones’ away from distal 
permeable lithologies; 3) providing a bypass route to charge the distal permeable 
lithologies; and, 4) introducing baffles into an otherwise productive system.  
Generic facies models derived from this work are applied to the sediments of the 
Brockram Facies, northern England: a poorly exposed arid continental depositional 
system dominated by alluvial fan sediments at the basin margin. The application provides 
significant insight into the sedimentology, geometry and connectivity of the Brockram 
Facies. This research provides a sedimentological framework to better understand basin 
margin deposits in poorly exposed basins.  
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Alluvial fan systems are formed from a conical mass of continental sediment shed from 
elevated mountainous highs. The fan system is an integral and dominant part of the basin 
margin system and is long-lived throughout basin development. Consequently, the fan 
environment interacts spatially and temporally with varied depositional environments in 
the distal extent of the basin. Thus, alluvial fans have the potential to have a significant 
impact upon basin-scale fluid migration, but are often perceived to be an impermeable 
clastic wedge at the continental basin margin. This research highlights that the deposits 
are not impermeable and have the potential to: 1) provide a bypass to charge decent 
aquifers in the distal extent of the basin; 2) connect otherwise isolated distal 
environments; 3) isolate decent distal aquifers between finer-grained sediments; or, 4) act 
as a thief zone away from the distal aquifers. The effect that the sedimentation in basin 
margin systems has upon basin-scale fluid flow is an area of importance, as similar 
deposits form components of a proposed nuclear waste repository. In most economically 
important continental basins, proximal depositional systems are poorly exposed, and 
therefore, a well-exposed analogue is required to better understand both the high-
resolution internal sedimentology of alluvial fans and the larger correlative nature of these 
deposits.  
Early workers into alluvial fan environments differentiated the fan deposits from those of 
braided fluvial systems and terminal fluvial fans based on both the radial- and cross-profile 
of the systems (Smith 1974). The fan geomorphology is concave in radial-profile and 
plano-convex in cross-profile (Blair & McPherson 1994). Previous researchers have 
considered alluvial fan depositional settings in detail (eg. Parsons & Abrahams 2009, 
Harvey & Mathers 2005, Blair & McPherson 1994, Bull 1977, Hooke 1967, Blissenbach 
1954, and references therein) and have established depositional processes and resultant 
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sedimentology in both debris-dominated and fluid-dominated systems. As such, the 
alluvial fan is classically considered to be either debris-flow dominated or fluid-flow 
dominated (Harvey et al. 2005, Parker et al. 1998, Whipple et al. 1998, Blair & McPherson 
1994).  Research into typical continental basin-centre environments has recently been an 
active theme in sedimentology (eg. Nichols 2009, Parsons & Abrahams 2009, Miall 1996, 
Livingstone & Warren 1996, and references therein). Despite this, research into the 
interactions between the dynamic alluvial fan environment and the steadily evolving 
contemporaneous distal systems of the basin centre has been highly limited thus far.  
Correlating the deposits of the alluvial fan with contemporaneous deposits of the distal 
basin centre produces a better understanding of the depositional setting on a basin-scale.  
A near complete lack of marine influence within continental basins renders classical 
sequence stratigraphical techniques problematical, especially within the basin margin 
deposits (Shanley & McCabe 1994). Lithostratigraphical interpretations are relatively 
complex within continental basins, and the individual units are diachronous. Due to this, 
variations in the climatic regime can be used to understand how the depositional 
environments evolve throughout the basin (Howell & Mountney 1997). Both the fan and 
the basin centre are controlled by overriding allocyclic climatic variations, which can be set 
apart from the more localised autogenic controls that act throughout the fan. This allows 
for a cyclostratigraphical correlation between the proximal and distal deposits of 
continental basins.  
This research considers that large-scale alluvial fans have the potential to cycle between 
debris-dominated and water-dominated systems in one depositional setting with response 
to the evolving climate. The allocyclic evolution of the climate can be observed in the 
contemporaneous deposits of the distal extent of continental basins. This thesis looks at 
understanding the sedimentology that occurs within the zone of interaction between the 
alluvial fan and the distal extent of the basin. In order to achieve this, the sediment 
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response to climatic cyclicity is assessed in order to correlate cyclostratigraphically 
through the sediment packages at a basin scale.  
The analogue for this study focuses upon the Permian-aged Cutler Group sediments that 
are exposed within the Paradox Basin, Utah, U.S.A. The Paradox Basin is an intracratonic 
foreland basin (Trudgill 2009) which is situated over the adjoined corners of Utah, 
Colorado, New Mexico and Arizona in the western U.S.A. (Figure 1.1). During the 
Permian Period, the global palaeoclimate was in a state of widespread glaciation linked to 
icecap growth (Roscher & Schneider 2006). The Paradox Basin was positioned on the 
western margin of equatorial Pangea, and the combination of the global glacio-eustatic 
lowstand, and the latitude of the basin, resulted in an arid to semi-arid palaeoclimate at 
the time of deposition (Blakey & Ranney 2008). The proximal Permian Cutler Group 
deposits of the basin that have been examined in this work represent alluvial fan 
deposition. The proximal deposits are exposed around the town of Gateway, Colorado. 
Contemporaneous deposits of distal depositional environments are exposed around the 
eastern margin of Canyonlands National Park. These deposits include: 1) the basal 
shallow marine and coastal environments of the lower Cutler beds; 2) the large-scale 
terminal fluvial fan of the Organ Rock Formation; 3) the periodically flooded aeolian erg of 
the Cedar Mesa Sandstone; and, 4) the restricted aeolian environment of the White Rim 
Member.  
The East Irish Sea Basin area of Cumbria, northern England (Figure 1.2) has been 
considered as a potential site for nuclear waste storage, and extensive investigations 
have occurred to determine the suitability of the proposed area. The Permo-Triassic 
deposits of the East Irish Sea Basin are dominated by proximal continental fans and fan-
related environments. The sedimentation grades distally into fluvial, aeolian and marine 
deposits. As the fluid migration in such environments is poorly understood, and the 
deposits cored, but poorly exposed, an analogue of a similar arid-continental systems is 
used to determine the subsequent effects on fluid flow. 
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Figure 1.1. The outline of the Paradox Basin, in relation to the Four Corner States. This research 
studies exposures from the town of Gateway, Colorado, through the town of Moab, Utah, to the 
eastern margin of Canyonlands National Park, Utah. (After Nuccio & Condon 1996).  
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Figure 1.2. The location of the Permian Basins of the U.K. The basins are positioned as they 
were during the Permian Period. This research examines the Brockram Facies, which occurs 
in the subsurface of the East Irish Sea Basin and the Eden Valley Basin, as well as in 
sporadic outcrops in the Eden Valley Basin. The majority of data focuses upon the East Irish 
Sea Basin, (After Ackhurst et al. 1997, Glennie 2009).  
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The model developed from the Cutler Group deposits is applied to the Brockram Facies of 
northeast England. The Brockram Facies has been interpreted as a Permo-Triassic 
alluvial fan system that was deposited throughout the Eden Valley and East Irish Sea 
basins (Figure 1.2) during a time of relatively high aridity (Burgess 1965). This work 
combines limited data collected from outcrop in the Eden Valley Basin with subsurface 
data from the East Irish Sea Basin. The Cutler Group model guides interpretation for 
these data and allows for flow zones to be predicted throughout the Brockram Facies 
deposits to establish how the deposits of continental basin margin systems can affect the 
suitability of potential nuclear waste repositories. 
1.1 Research aims and objectives 
The aim of this study is to develop a series of both small-scale and basin-scale models to 
better understand the sediment interaction between arid continental basin margin systems 
and contemporaneous distal depositional environments. The models will be used to better 
understand the facies distribution and petrophysical properties of the poorly-exposed 
Permo-Triassic deposits of the Brockram Facies, northern England. The East Irish Sea 
Basin has been considered as a potential site for nuclear waste storage, and extensive 
investigations have occurred to determine the suitability of the area. As the geology is 
poorly exposed, the influence of the sedimentary architecture on basin-scale fluid flow is 
equivocal, and an analogue of a similar arid-continental setting is required in order to 
examine these parameters.  
In order to achieve the overall research aim, specific research objectives have been 
fulfilled. These objectives are outlined below:- 
 Examine and record the sedimentology, the spatial variation, and the temporal 
cyclicity of the deposits at all scales within the Cutler Group alluvial fans in order to 
develop three-dimensional models of the alluvial fan, fan-related environments, 
and the zone of interaction between the fan and the distal extent of the basin.  
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 Examine, record and interpret spatial and temporal sedimentary interactions 
between alluvial fan sediments and those of contemporaneous distal aeolian, 
fluvial, lacustrine and marine environments using transects across the Paradox 
Basin.  
 Develop models of these sedimentary interactions between proximal alluvial fan 
deposition and distal sedimentary environments in continental basins, both 
spatially and temporally. 
 Use these interactions, combined with regional climatic cycles identified in the 
distal basin environments by other workers (Wakefield & Mountney 2013, Jordan & 
Mountney 2013, Cain & Mountney 2010, Mountney 2006, Mountney & Jagger 
2004, Howell & Mountney 1997) to separate the effects of basin-scale regional 
climatic cycles on alluvial fan sedimentation from those of smaller scale, localised 
cycles. 
 Demonstrate the effects on potential sub-surface fluid pathways from sedimentary 
variations in alluvial fans and fan interaction with basinal sediments. 
 Use the developed models to interpret the Permo-Triassic strata of the Sellafield 
area to further understand the facies, facies relationships, and potential subsurface 
fluid-flow pathways. 
1.2 Thesis overview 
This section outlines the contents of each of the succeeding chapters within this thesis. 
The overview of literature that pertains to depositional environments within arid continental 
basins is outlined within Chapter Two. The deposits of the basin margin alluvial fan 
system are considered in Chapter Three and Chapter Four, and the deposits of the zone 
of interaction are discussed in Chapter Five. In order to predict the detailed sedimentology 
in similar, poorly exposed, continental basin settings the effect of climatic cyclicity on 
continental basin deposits is considered in chapters Six and Seven. The analogue 
developed from the Cutler Group sediments is then applied to the poorly exposed Permo-
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Triassic Brockram Facies of northern England, as outlined in Chapter Nine. Finally, the 
implications of the research are outlined in Chapter Eight, and conclusions and future 
work in Chapter Ten.  
Table 1.1 Outline summaries of the chapters included in this thesis.  
 
Chapter 
 
Title 
 
Description 
 
2 
 
Literature 
Review 
 
This chapter presents a critical evaluation of current 
sedimentological research into arid continental basin margin 
systems. The main component of the chapter outlines the literature 
that pertains to alluvial fan systems, and considers the impact that 
climate has upon both deposition and the relevant depositional 
mechanisms. The chapter also reviews literature relating to other 
typical continental depositional environments found within basin 
margin fan systems, as well as contemporaneous environments in 
the distal part of the basin. 
 
   
 
3 
 
Facies of the 
Cutler Group 
Alluvial Fans 
 
This chapter outlines the geological setting and stratigraphical 
context of the Cutler Group. It considers the current literature that 
relates to the depositional setting of the Cutler Group alluvial fan 
sediments. The main body of the chapter provides a detailed 
description of each of the facies identified throughout the Cutler 
Group fan sediments. 
 
   
 
4 
 
Facies 
Associations, 
Architectural 
Elements and 
Facies Models 
 
This chapter builds upon the facies outlined in the preceding 
chapters to form facies associations, which are divided to represent 
dominant depositional process. The facies associations are then 
combined to outline the architectural elements observed within the 
deposits. Spatial occurrences of these elements are combined to 
build overall facies models for the proximal, medial and distal extent 
of the alluvial fan environment. 
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Sedimentary 
Architecture of 
the Zone of 
Interaction 
 
This chapter outlines additional facies that have been interpreted 
within the zone of interaction between the proximal alluvial fan 
environment and the contemporaneous distal depositional 
environments. These additional facies are combined with the facies 
outlined in Chapter Three to develop facies associations for the zone 
of interaction. The chapter then develops unique facies models for 
each of the interactions. These models highlight the evolution of the 
environments temporally. The work also presents panels of the zone 
of interaction, which have been collected and interpreted to outline 
how the environment evolves spatially.  
 
   
 
6 
 
Response of 
Fan-Scale 
Elements to 
Climatic 
Cyclicity  
 
This chapter considers how climatic changes affect element-scale 
deposition in continental basins. The work outlined in this chapter 
considers where in the absolute climate cycle each of the 
architectural elements initiate, and how each of these elements 
respond to fan-scale wetting and drying cycles. The chapter also 
outlines the preservation potential of each of the depositional 
environments to highlight the signature of this fan-scale cyclicity at 
outcrop scale.  
 
   
 
7 
 
Basin-Scale  
Climate 
Cyclicity and 
Correlation 
 
The work presented in this chapter builds upon the smaller fan-scale 
cyclicity outlined in the preceding chapter to establish basin-scale 
cyclic trends, with an emphasis on identifying climatic variations. The 
work considers various techniques that can potentially be used to 
interpret each logged section before applying a qualitative approach 
to each individual log across the basin. This technique allows for the 
identification of wetting and drying cycles, which are then related to 
periods of increasing and decreasing sediment accumulation, 
surface stabilisation and erosion. This chapter then considers how 
the deposits can be correlated through the basin using a 
lithostratigraphical, chronostratigraphical and qualitative 
cyclostratigraphical approach to decide which of the methods is the 
most appropriate for correlating through poorly exposed examples of 
similar continental basin margin depositional systems. 
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Discussion 
 
This chapter considers the limitations of controls on continental 
deposition, as well as the implications for each of the qualitative 
models and correlations outlined in the previous chapters. This 
chapter discusses these models with a particular emphasis on the 
effect the deposits have upon basin-scale fluid flow.  
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Application to 
the Brockram 
Facies 
 
 
The analogue developed for the Cutler Group sediments (chapters 
Three through Seven) is used to better understand the deposits of 
the Brockram Facies in northern England. The chapter outlines the 
facies interpreted from the core of the Brockram Facies, which are 
then combined to form facies associations, and eventually, 
depositional elements. These are used to interpret the depositional 
environments that can be interpreted within the Brockram Facies. 
This chapter also considers the climatic cycles that occur up-section 
in the Brockram Facies, and how these can be related to the climatic 
cycles identified in the Cutler Group sediments. The final aim of the 
chapter is to determine how accurate the application of the Cutler 
Group model is for the understanding of poorly-exposed continental 
basin settings.  
 
   
 
10 
 
Conclusions 
and Future 
Work 
 
 
The final chapter of the thesis presents the conclusions for the work, 
as well as outlining future direction for understanding arid continental 
sedimentology, at both a depositional environment and basin-scale.  
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Alluvial fans form a clastic wedge that progrades away from continental basin margins, 
and are long-lived throughout the evolution of the basin. Towards the distal extent of the 
basin, the alluvial fan wedge interdigitates with contemporaneous and lithostratigraphically 
subdivided sediments in the basin centre. The area of transition between the alluvial fan 
and the distal extent of the basin is termed the ‘zone of interaction’, and contains unique 
and localised facies and facies associations.  
The deposition of the alluvial fan system is controlled through: 1) short-term, and 
localised, autogenic changes; 2) alterations in base level; 3) variations in sediment supply; 
and, 4) allocyclic, and longer-term, climatic and tectonic changes. As alluvial fan 
environments are difficult to subdivide lithostratigraphically, the identification of smaller 
scale climatic cycles can be used to correlate cyclostratigraphically through the alluvial fan 
wedge, and the zone of interaction, into the distal part of the basin. The distal 
environments of deposition are predominately controlled by allocyclic climatic fluctuations, 
resulting in sedimentary packages that can be lithostratigraphically defined.  
Due to the limited marine influence in arid continental basins, the application of sequence 
stratigraphy to the sedimentology is problematical. It is possible to correlate mature distal 
deposits on the basis of climatic cyclicity (Shanley & McCabe 1993), but the proximal 
deposits are commonly too varied for such a direct approach. As the distal and proximal 
systems interact within the medial basin, it is plausible that the climatic cyclicity identified 
within the distal deposits can be correlated through the zone of interaction and into the 
proximal setting. To achieve this, a clear and comprehensive understanding of the effects 
of climate on arid continental deposition is required.  
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2.1 Alluvial fan environments 
Deposition in proximal continental basins is dominated by persistent alluvial fan 
environments. Alluvial fans form a lithostratigraphically undivided clastic wedge that 
progrades away from the continental basin-bounding high. Fan size is dependent on 
localised subsidence, catchment geology, the size and shape of the drainage basin, 
transport mechanisms and climate cyclicity (Leeder & Jackson 1993). All alluvial fans can 
be divided into three geomorphological zones; the proximal fan head system, the medial 
fan, and the distal fan base (Leeder 1999). Each zone is influenced by a relative 
dominance of primary and secondary depositional processes (Figure 2.1).   
The deposition of an alluvial fan environment results from the shedding of detrital 
sediments off an elevated high, onto a graded basin floor (Blissenbach 1954). The fans 
form where a confined channel in a mountainous setting becomes unconfined when the 
channel intersects the basin floor. The typically plano-convex geometry of the deposits is 
formed due to the radial distribution of the sediments from the fan apex onto the basin 
floor (Leeder 1999). Large-scale compound alluvial fans are developed when multiple 
feeder channels are present. This leads to the deposition, propagation, and build-up of 
individual solitary fans which stack to form coalesced bajada systems (Blair & McPherson 
1994). These are best preserved in rapidly subsiding, fault-bounded basins. Despite the 
tectonic influence upon initiation and development, the depositional processes within the 
fan are strongly controlled by fluctuating base level and climatic cyclicity (Leeder & 
Jackson 1993). The extent of alluvial fan propagation is also dependent upon the 
development of fan-surface fluvial systems. 
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Figure 2.1. The alluvial fan environment is divided into proximal, medial and distal divisions. The 
diagram displays how they evolve away from the fan apex and radially dissipate over the basin 
floor (After Lecce 1990). This diagram highlights the rough subdivisions of the fan, as they will be 
discussed in the following work. It is important to note that these divisions extend to differing 
depths beneath the basin surface, depending upon fan transgressions and regressions.  
Figure 2.2. The alluvial fan evolves in stages away from the talus cone just off the mountainous 
front, through debris flows, colluvial slides and incised channels on the basin floor (After Blair & 
McPherson 1994). The gradient of the fan slope decreases with distance away from the talus 
cone (proximal fan), and reaches a shallow angle by stage 3 (distal fan toe).  
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Deposition within the alluvial fan environment occurs through primary transport processes 
or through secondary remobilisation events. Primary processes consider the 
transportation of sediment from the upland drainage basin to the main body of the alluvial 
fan. These processes are often triggered by catastrophic events (Blair & McPherson 
1999). The sediments are mainly transported to the basin floor as a result of mass-
wasting events caused by flash floods, rock falls, avalanches, gravity slides, and debris 
flows. The remobilisation and development of the alluvial fan occurs in stages, from initial 
high-angle deposition, through to deposition in the piedmont zone, and finally deposition 
that extends through the proximal extent of the basin (Figure 2.2). The depositional setting 
requires either a flashy discharge, (Beaty 1963, McGee 1987), a long-term increase in 
precipitation, (Wieczorek 1987, Cannon & Ellen 1985), or a catastrophic event, such as an 
earthquake, to cause mass-wasting events.  
The initial deposits of an alluvial fan (Figure 2.2) are the result of bedrock failure and 
colluvial slope failure (Blair & McPherson 1994). These occur as a result of water gravity 
flows or sediment gravity flows. Water gravity flows occur due to the downslope migration 
of water under the force of gravity which consequently leads to the movement of 
sedimentary particles within the flow. In contrast to this, sediment gravity flows migrate as 
a result of gravity acting directly on the sedimentary particles, and any entrained liquids 
act as a by-product within the flow (Middleton & Hampton 1973).  
When the sediment flux exceeds the capacity of the feeder channel, the channel becomes 
plugged, which results in the localised increase in slope angle. This causes rapid and 
voluminous deposition, which in turn, leads to an increase in internal shear stress of the 
deposits and eventually results in colluvial slope failure. Channel plugging also promotes 
the development of fan lobes as the sediment pathway of the feeder channel breaks out of 
the restricted channel-form to deposit unrestricted sediment bodies on the basin floor 
(Figure 2.2).  
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For colluvial slope failure to occur the sediment mass must expand, which requires a 
degree of water or gaseous input into the system. A rise in the water table can lead to 
colluvial slope destabilisation (Rowe 1962) but the most common cause of failure is due to 
intense localised rainfall events which provide strong fluxes of both sediment and water 
into the depositional setting (Leeder 1999). The mass-failure of sediments in alluvial fan 
environments is commonly attributed to climatic variation, which occurs at a variety of 
scales (Muto 1989). This means that the sediments are spatially and temporally complex. 
Early workers believed that fan systems represented either a humid climate or an arid 
climate, and the resultant overall fan architecture was representative of the dominant 
climate at the time of deposition (Blair & McPherson 1994). Later work established that 
deposition in alluvial fans responds to the dominant climate at the time of formation. As 
such, both humid and arid signatures can evolve in a single fan environment (Figure 2.3).  
Early studies concluded that alluvial fan environments were deposited as a component of 
braided fluvial systems (Miall 1992, 1984, Haywood 1985, Bull 1972, Hooke 1967, 
Blissenbach 1954). Further detailed studies into the two environments established that the 
resultant sedimentary facies are different enough to be distinguishable in the sedimentary 
record (Blair & McPherson 1994, Blair 1985). Alluvial fan environments are often restricted 
to the piedmont zone, where the mountainous feeder channel intersects the mountain 
front, whereas distributary fluvial systems propagate further throughout the basin. This is 
true until the fan develops into a mega-fan environment, which is dominated by braided 
fluvial systems and debris-rich events (Figure 2.3). A typical fan system is limited in extent 
to less than 10km. Additionally, the alluvial fan system also has a unique plano-convex 
morphology, in comparison to the channelised nature of fluvially-driven fans. The alluvial 
fan body is elongate and lobate, and the lobes are deposited perpendicular to the 
mountainous front (Blair & McPherson 1994, Heward 1977, Bull 1972, Blissenbach 1952).  
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Figure 2.3. Early workers believed that alluvial fans in arid environments were debris flow 
dominated whereas water-flow dominated alluvial fans occur in relatively more humid environments 
(Blissenbach 1954). Later work shows that facies assemblages that relate to both climatic regimes 
are common in all alluvial fan environments (Blair & McPherson 1994). A) general architecture of a 
debris-driven fan, B) general architecture of a water driven fan. Adapted from Blair & Mcpherson 
1994.  
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The top surface of the alluvial fan system is usually of a higher angle than the slope 
required to drive fluvial environments. This leads to catastrophic water discharge over the 
fan surface during depositional events, such as through sheetflood events (Blair & 
McPherson 1994). The resultant depositional packages are planar bedded with respect to 
the fan surface, and are therefore inclined instead of typically horizontal. Despite the 
obvious distinction between distributary fluvial systems and alluvial fan environments, fan 
surface fluvial systems are common within the alluvial fan environment. The physical 
depositional processes that control deposition within the alluvial fan include: 1) sediment 
gravity flows; 2) water gravity flows; and, 3) fan related environments, such as small-scale 
aeolian ergs and lacustrine bodies. Fan environments are also subject to periods of 
erosion, surface stabilisation, and depositional quiescence (Greson et al. 1993). 
2.1.1 Sediment gravity flows  
Sediment gravity flows initiate as a result of both bedrock failure and colluvial slope failure 
when the amount of detrital sediment entrained in the flow is of a higher percentage than 
the amount of entrained fluid. Bedrock failure occurs due to elevated denudation and the 
extensive fracturing and faulting of exposed bedrock along the basin margin, which leads 
to subsequent slope destabilisation and gravitational failure (Leeder 1999). Bedrock 
failure-driven sediment gravity flows occur through rockfalls, rock slides, and avalanches 
(Beaty 1989).  
Colluvial slope failure is initiated along a weakened horizon, which can be generated by 
direct contact of the detrital sediment against an underlying less competent lithology, a 
gradational rise in the capillary water table, or through the direct contact of loose colluvium 
with bedrock (Blair & McPherson 1994). The main cause of colluvial slope failure is 
attributed to water saturation, which causes an increase in the hydrological pore pressure 
of the sediments, and facilitates the shear failure of the deposits (Waltham 2002). 
Tectonic events can also cause the failure of the detrital sediments accumulated on the 
colluvial slope. For example, ongoing tectonic uplift causes the over-steepening of the 
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deposits, past the angle of critical repose, resulting in mass wasting (Blair & McPherson 
1994).  
Rock falls 
Rock falls comprise the most primitive form of bedrock failure deposition (Figure 2.4), and 
are caused by the intermittent detachment of boulders from exposed and denudated 
bedrock (Blair & McPherson 1994). The deposits of rock falls form conical accumulations 
of sediment within the alluvial fan apex (Beaty & DePolo 1984, Church et al. 1979). Due to 
the lack of transportation prior to deposition the resultant sediments are highly immature, 
and consist of granule- to boulder-grade conglomerates formed from highly angular 
fragments, intercalated a with intermittent finer-grained matrix.  
Rock slides 
Rock slides are transported from the uplifted basin margin as a unified mass of bedrock, 
initiated by failure along a basal axial plane of weakness (Figure 2.4). This usually occurs 
in area of extensive fracturing and faulting (Blair & McPherson 1994). The deposits are 
transported downslope from the basin margin through basal glide mechanisms, which 
subsequently results in a unique brecciated basal plane of the sediment body (Cronin 
1992, Mudge 1965). Rock slide deposits accumulate at the base of the fan apex, and 
occasionally as sequestered blocks on the surface of the piedmont zone (Grainger & 
Kalaugher 1987). The deposits of rock slides coarsen upwards from the coarse- to very-
coarse sandstones of the heavily brecciated base, into cobble- to boulder-grade 
conglomerates, towards the top of the deposits.   
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Avalanches 
Avalanches are initiated through the episodic destabilisation of loose colluvium on the 
mountainous front (Figure 2.4). The flows are transported through the process of 
intergranular collision, and as such, are rapidly deposited at the point where forward 
momentum ceases on the shallow gradient basin floor of the piedmont zone (Statham 
1973). The typical higher energy turbulent mechanisms of avalanches leads to relatively 
more mature deposits than those generated by rockfalls and rock slides. Avalanche 
deposition forms unique geometrical bodies (Yarnold 1993), which comprise large-scale 
conical accumulations of sediment, most often within the proximal-most extent of the 
piedmont zone. The deposits occur in solitary elongate, and equidimensional lobate 
structures (Blair & McPherson 1994). Avalanche deposits consist of poorly sorted, 
angular, and granule- to cobble-grade clasts within a sparse, finer grained matrix (Topping 
1993, Yarnold 1993). The deposits occasionally exhibit crudely developed large-scale 
bedding.  
Colluvial slide  
The process of initial colluvial slope failure is termed a ‘colluvial slide’ (Figure 2.4), and 
refers to the downslope movement of destabilised detritus (Varnes 1978). Colluvial slides 
are initiated through an increase in fluid within the deposits, or through contact with 
underlying less competent lithologies. The increase in water saturation can result from an 
overall rise in the water table, seasonal rainfall, or seasonal storm events (Cho & Lee 
2001). Slope failure can also be initiated by oversteepening, or as a result of seismic 
instability (Keeper 1984). Colluvial slides often grade into debris flows and water-driven 
gravity flows (Blair & McPherson 1994).  
Debris flows 
Debris flows are plastic, non-Newtonian, and laminar and consist of unconsolidated debris 
with a small degree of entrained water or gas (Figure 2.4). It is important to note that 
debris flows, by definition, have a greater proportion of sediment than fluid. Debris flows 
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are initiated through two main mechanisms (Blair & McPherson 1994). Firstly, they can 
occur due to the evolution of sediment gravity flows due to further entrainment of fluid or 
gas, this process usually requires the presence of elevated meteoric water, either through 
a seasonal increase in localised rainfall, or through a longer-term rise in humidity 
(Campbell 1974). Secondly, they can initiate where confined fluvial systems intersect the 
colluvial slope leading to a rapid mixing of sediments, air, and water (Johnson & Rodine 
1984). Further sediments, meteoric water, or air can be entrained within the flow during 
transportation which can cause further propagation of the flow throughout the fan system 
(Blair & McPherson 1994).  
Debris flows propagate over the fan surface until the point at which the flow cannot 
overcome the internal shear strength. This can be achieved through dewatering, 
decreasing slope angle, or through an obstruction to the flow (Leeder 1999). Debris flows 
act in a laminar manner, due to a low Reynolds number, and are therefore mainly non-
erosive. Debris flow deposits are often boulder-grade, reversely graded and clast 
supported, with little internal structure. The deposits grade radially outwards into coarser-
grained levèe facies, and down-slope, into snout facies. The concentration of larger clasts 
towards the top and sides of the flow can create buffers which can eventually lead to the 
discontinuation of the flow (Blair & McPherson 1994).  
Incised channels 
Incised channel deposition occurs where a mountainous feeder channel extends onto the 
fan surface, creating a pathway for water gravity flows (Figure 2.4). This allows debris-rich 
flows to maintain the physical properties over a greater distance from the source than 
within typical non-channelised debris flows (Harvey 1984). The deposition of incised 
channels occurs when pre-existing channelisation has created small-scale channel 
geomorphologies on the fan surface. The depth of the channelised forms allows for the 
containment of increased fluvial runoff (Rosgen 1994). The main facies consists of thick 
beds of boulder-sized deposits intercalated within a finer-grained matrix. These beds have 
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a significant lack of internal structure. Incised channel deposition is associated with 
interbeds of fluvial, sheetflood, and debris-flow deposits (Blair & McPherson 1994). If the 
flow reaches a point in the alluvial fan system when the channels can no longer contain 
the flow it will expand into sheetflood events (Rosgen 1994).  
2.1.2 Water gravity flows 
Water gravity flows are initiated where large influxes of liquid into the mountainous feeder 
channel come into contact with the sediment-rich colluvial slope (Soreghan et al. 2009). 
This can occur through storm fluxes, glacial meltwater or increased rainfall, all of which 
interlink with climate variability. Water gravity flows initiate where sediment supply, 
amount of available fine-grained sediment, and gas entrainment, are insufficient to cause 
a debris flow (Blair & McPherson 1994). The sediment concentration in alluvial fan water-
driven mechanisms grades from low to hyperconcentrated (Hogg 1982).  
Sheetflood 
Sediment laden, unrestricted sheetfloods deposit sediment on the fan surface through 
infrequent, yet catastrophic events (Figure 2.4). Sheetfloods are multidirectional and occur 
with an unconstricted nature across the fan surface. The events are initiated through 
flashy occurrences of localised rainfall (Harvey et al. 2005). Sheetfloods most commonly 
occur when deeply incised fluvial systems are absent from the fan surface, mainly during 
periods of elevated base level (Blair 1999, Rahn 1967). The lack of pre-existing fan 
surface channel morphologies allows for the unconstricted propagation of sediment-laden 
flashy run-off. They are deposited in relatively unique hydraulic conditions. Sheetfloods 
exhibit a high Froude number, high flow attenuation rate, have a high rate of deposition, 
and are transported as a supercritical flow (Hogg 1982).  
Sheetflood facies associations are distinctive in the alluvial fan system and consist of 
basal planar-bedded couplets, overlain by normally graded beds of boulder-, pebble- and 
cobble-grade conglomerate which exhibit clast imbrication and crude cross-bedding. The 
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evolution of the sheetflood events through the basin leads to two spatially defined types of 
sheetflood deposit. The finer-grained components of the flow are more commonly 
deposited in the distal extent of the basin, whereas, the coarse-grained components of the 
flow are deposited in the proximal part of the basin. The sheetflood deposits are 
commonly interbedded with laminated, coarse-grained sandstones (Blair & McPherson 
1994). The flow of a sheetflood during deposition comprises standing waves, leading to 
the rare preservation of unique anti-dune sets throughout the sequence. The flow 
commonly evolves into braided distributary architecture with distance from the source.  
Sieve 
Sieve deposition relates to the rapid emplacement of fines (Figure 2.4), caused by the 
lateral drainage of a sediment-laden flow through underlying highly permeable substrate 
(Blair & McPherson 1994). The presence of sieve deposits within alluvial systems has 
been contested (Hooke 1967) as the underlying permeable substrate is deemed to be 
insufficient to cause rapid water infiltration. It is now commonly accepted that sieve 
deposition does occur within the alluvial fan environment (Milana 2010, Shakesby & 
Matthews 2002). Sieve deposits are characterised by the presence of drainage holes 
within underlying conglomeratic sediments, which have been infilled with fines, extensive, 
thin blankets of fine-grained sediment, and the occurrence of geopetal structures in the 
underlying deposits formed by sediment infiltration into the substrate (Bull 1972).  
2.1.3 Fan-related alluvial environments 
Fan related sedimentary environments are controlled by secondary processes which 
cause the remobilisation, stabilisation, and erosion of sediment previously accumulated in 
the fan system. In comparison to the mass-wasting catastrophic conditions needed to 
initiate typical fan development, these secondary processes are linked to ‘normal’ 
conditions (Blair 1987).  
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The alluvial fan surface is often inhabited by immature braided fluvial environments. The 
geomorphology and profile of the fan systems allows for the deposits to be distinguished 
from distributive fluvial systems, despite the presence of similar secondary processes 
(Blair & McPherson 1994). The flow of these fluvial systems over the alluvial fan surface 
causing a degree of water-driven reworking and remobilisation of the pre-existing 
sediments (Figure 2.4). The reworking of the alluvial fan sediments by the fluvial systems 
leads to a degree of incision into the fan surface through the processes of rilling and 
gullying (Brooks et al. 2009, Harvey, 2001, Bull & Kirkby 1997). The deposits carried 
within the immature braided fan-surface fluvial systems are often transported through the 
fan, and into fan-toe cutting axial fluvial environments in the distal extent of the basin 
(Leeder & Mack 2001). The interaction with axial fluvial systems can lead to: 1) the 
restriction of fan development; 2) the reworking of fan deposits; and, 3) the removal of the 
matrix from the coarse-grained deposits of the fan toe (Kim et al. 2011, Fidolini et al. 
2013).  
As deposition into the fan environment is episodic, the fan surface is quiescent for 
extended periods of time. As a result of this, wind-blown processes often cause deposition 
on the fan surface (Figure 2.4). When wind-driven mechanisms operate on the fan surface 
it can lead to the deflation of the alluvial deposits. Secondary case hardening of the 
exposed sediment, and subsurface cementation reduces the effect of this deflation 
(McGee 1987). The wind-driven processes act on the surface of the conglomeratic 
deposits, which can cause the winnowing of the fine-grained component of the matrix. 
Aeolian systems also commonly form fan-related sandsheets, which are dominated by 
fine-grained parallel-laminated, pin-striped sandstones, which are interdigitated with the 
coarse-grained deposits of the alluvial fan system (Korcurek & Neilson 1986).  
Shallow bodies of water can accumulate in depressions on the fan surface and within 
interlobe depressions (Heward 2006). These small-scale lacustrine systems develop 
where there is a degree of water influx into the system, and are relatively short-lived and 
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often ephemeral (Figure 2.4). Where lacustrine bodies are present on the fan surface, the 
deposits interfinger with laterally discontinuous coarse-grained debris-flow deposits 
(López-Gamundi & Astini 2004).  
During periods of depositional quiescence in the fan environment it is common for 
palaeosols to develop (Figure 2.4). These often become vegetated and occur in the 
sedimentary record as rhizolith rich horizons (Wright & Alonso Zarza 1990). Burrowed 
horizons are also prevalent within the fan deposits in proximity to these palaeosolic 
horizons.  
2.2 Cyclic controls on alluvial fan deposition 
Within intermontane continental basins there is no relationship between the deposition of 
continental environments and the deposition of marine strata, which means that the 
techniques for classical sequence stratigraphy cannot be applied to the continental 
deposits (Walker 1990). Despite this, cyclicity can be identified within continental 
environments as the strata respond to allocyclic processes, such as tectonics and climate, 
as well as more localised autocyclic processes, such as fan lobe switching and channel 
avulsion. It is relatively difficult to differentiate between regionally forced cyclicity and 
cyclicity caused by these more localised changes (Shanley & McCabe 1994). If the 
palaeolatitude of the basin and the basin type is known, then cyclostatigraphy can be 
used to determine facies distributions across the basin. Due to a lack of means to identify 
unconformities and localised erosional surfaces, correlation between the strata is 
relatively difficult (Perlmutter & Matthews 1990). The controlling factors of sediment 
supply, base level, climate and tectonics work in a series of complex feedback loops, 
although it can be argued that climate is the predominant control on alluvial fan deposition 
(Harvey et al. 2005). 
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2.2.1 Tectonics 
It is widely accepted that tectonics control the position of alluvial fan development along 
the basin margin, especially within continental basins (Jones et al. 2014). Alluvial fans are 
sourced from unstable and uplifted horizons, and are deposited within unconstricted 
basins. They are therefore common in the majority of tectonic regimes (Sözbillir et al. 
2011, Waters et al. 2010, Leeder & Mack 2001). For alluvial fans to develop, they require 
the creation of accommodation space, an elevated topography, and a basin-edge 
increase in gradient (Blair & McPherson 1994), all of which develop in tectonically active 
zones (Figure 2.5). Sedimentation in areas of tectonic control introduces a greater degree 
of fluvial incision within the alluvial fan system (Jones et al. 2014). One of the most 
notable relationships between subsequent fan deposits and faulting is the elevated 
amount of subsurface mineralisation caused by flow conduits that form within these 
faulted zones. Therefore, it stands to reason that early stage diagenetically altered fan 
sediments are often deposited in actively faulted basins (Le Dortz et al. 2011). In 
tectonically active regions there is an increased potential for seismic activity, which can 
lead to the catastrophic failure of sediments from the colluvial slope (Quigley et al. 2007, 
Dadson et al. 2004). It is widely accepted that tectonic cyclicity is vital for the development 
of an alluvial fan environment.  
2.2.2 Climate 
Typical methods for sequence stratigraphical correlations are obsolete in restricted 
continental basins, as they are disconnected from eustatic controls (Shanley & McCabe 
1994). Climate is widely considered to be the controlling factor for the development of fan 
sedimentology, architectural element distribution, and fan growth (Harvey 2004, Harvey & 
Wells 1994). Climatic variations occur at a shorter wavelength than tectonic alterations, 
and subsequently, the cyclicity from climatic variations often overprints the tectonic 
cyclicity (Allen et al. 2013, Allen & Densmore 2000). 
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Figure 2.5. It is commonly accepted that alluvial fans are controlled by tectonic activity. Alluvial 
fan environments require an elevated uplift to provide a source of detrital material - early stage 
development (A). Cyclic tectonic movement can cause a rejuvenation of available source 
sediment. As uplift continues, it leads to an increased amount of fan entrenchment and the 
progradation of the fan system in a continuingly elongate manner - late stage development 
(B). Adapted from Lecce 1990.  
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It is relatively more difficult to differentiate climate in the sedimentary record than tectonics 
because of the variable range of scales over which climate can fluctuate (Frostick & Jones 
2002). The different frequencies of these fluctuations can be isolated from the overall 
climatic curve (Jones et al. 1999). Continental climatic cyclicity is most evident in 
lacustrine settings due to recognisable water level fluctuations, but the climate signature 
can also be identified in alluvial fan environments. 
During periods of increased aridity, the fan environments shut down, and become 
abandoned and reworked by deflationary aeolian depositional processes. During periods 
of increased humidity there is an increased amount of deposition from fluvial run off and 
an increase in debris flows (Figure 2.6). This leads to the progradation of the fan 
environment (Howell & Mountney 1997). The concept that alluvial fan development is 
predominately controlled by climate is contested in the literature (Blair & McPherson 1994, 
2009, Harvey et al. 2005). Traditional wisdom (Blissenbach 1954) dictates that arid alluvial 
fans predominately form as a result of deposition from debris flows, whereas, humid 
alluvial fans are deposited predominately through water-flow mechanisms.  
Later research (Blair & McPherson 1994) suggests that only the temporal persistence of 
individual transport processes is associated with climate variability, and that alluvial fan 
environments develop across a range of climatic conditions (Dorn 2009). Despite the 
widely accepted theory that fans grade between water-driven and debris-driven 
dominance irrespective of climate, the observed architectural elements suggest that 
differing climatic changes control deposition in a single fan environment.  
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Figure 2.6. Fans prograde throughout continental basins due to changes in climatic regime. 
Mass wasting events occur through all climatic regimes (initial fan development -A), but 
secondary water driven environments are more common during humid cycles, and lead to the 
build-up and progradation of the fan (fan growth -B). During periods of increased aridity the fan 
becomes deflated through interaction with wind-blown secondary environments, (Adapted from 
Lecce 1990).   
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Seasonal variability in the water table and localised rainfall controls the initiation of 
depositional processes. Despite this, the catastrophic influx of meteoric water greatly 
heightens the probability of slope failure through mass-wasting events, such as through 
debris flows, incised channels and sheetfloods. Storm events lead to increased flashy run-
off from upland fluvial systems, and an increase of mass sediment transfer onto the 
alluvial fan surface. Storm events are important to provide increased deposition in more 
arid alluvial fan settings, for example the input of Pangean mega-monsoons during the 
development of the Permian Cutler Group, Paradox Basin, U.S.A. (Dubiel et al. 1996).  
With increased water input into basin margin settings, the interaction of fluvial 
environments in the upland drainage basin is affected, with the net effect of sourcing more 
sediment through the fan apex. This also increases water interaction at the slope, leading 
to an increased probability of slope failure (Ventra et al. 2009). Prolonged wet climates 
also lead to a heightened water table, and therefore greater instability in the loose 
sediment accumulated on the basin margin. Interglacial periods see a higher amount of 
deposition from water-driven flows (Harvey et al. 2005). Climatic alterations can also 
affect the growth of vegetation in continental systems, which leads to the stabilisation of 
the fan surface.  
By contrast to the progradation of the alluvial fan environment during relatively humid 
periods, increased aridity leads to fan aggradation or deflation. Increased aridity leads to a 
shutdown of deposition in the fan, and occasional lobe abandonment (Hooke 1968). 
During these periods of quiescence the main depositional mechanism is wind-driven and 
causes the deflation of the fan surface (Blair & McPherson 1996). If there is the 
development of palaeosols on the surface of the fan, or the build-up of a vegetated 
horizon, the effect of this deflation is minimised. The surface of abandoned lobes often 
undergoes case hardening during elongated exposure (Blair 1987). The development of 
these arid strata provides climatic marker beds within the alluvial fan environment. Due to 
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the development of these marker beds, climate can be used as a strong tool to correlate 
through the deposits of continental basins (Blum 2000).  
2.2.3 Base level 
The definition of base level in continental environments is an area of debate in the 
literature but recent understanding divides it into dynamic and stratigraphical base level 
(Figure 2.7). Dynamic base level is generally considered as the point of sea level, but it 
recognises that smaller-scale localised variations can occur (Bates & Jackson 1987). 
Where the continental system is completely isolated from the effects of marine systems, 
the mean sea level is projected under the continental strata to determine the point of 
dynamic sea level. This is a problematic control in intermontane basins therefore 
stratigraphical base level is used, which is considered to be the point of equilibrium where 
no deposition or erosion occurs (Wheeler 1964, Sloss 1962). The main effect of changing 
base level on the alluvial fan system is best identified in changes to the profile of the fan 
surface fluvial systems (Blissenbach 1964). If the base level stays static, fluvial influence 
tends to weaken, which leads to an increase in the accumulation of typical talus cone 
deposits, and a dominance of primary alluvial fan deposits (Harvey 2002).  
The fan-surface fluvial systems allow for the propagation of the alluvial fan environment 
(Blissenbach 1964), therefore the lack of fluvial reworking has a reverse effect and leads 
to a degree of fan embayment in the proximal setting. As the base level drops, fluvial 
systems reinhabit the fan surface, leading to increased levels of erosion and fluvial 
incision, which eventually leads to the progradation of the fan system (Al-Farraj & Harvey 
2000). It is possible that base level fall may not result in fluvial incision if the resultant 
gradient does not affect the fluvial profile, this can potentially lead to the progradation of 
the coarser deposits of the fan system into the distal extent of the basin (Frostick & Reid 
1989). The influence of base level on the depositional system is considered an important 
factor in alluvial fan development, even within mountain drainage basins.  
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Figure 2.7. Base level in alluvial fans is either described as dynamic or stratigraphical. 
Dynamic base level is the point of sea level in the distal basin. Sea-level rise leads to fan 
progradation whereas sea-level fall leads to fan deflation. Stratigraphical base level is the 
line of equilibrium where no deposition or erosion occurs. A rise in the stratigraphical base 
level leads to fan aggradation and progradation whereas falling base level leads to fluvial 
reworking (After Harvey 2002, Bates & Jackson 1987, Bloom 1978, Wheeler 1964, Sloss 
1962).  
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2.2.4 Sediment supply 
Sediment supply is a complex variable in continental settings due to the proximity of the 
environments to the initial sediment source. To develop an alluvial fan environment it 
requires a sufficient amount of sediment to be sourced from an uplifted mountainous 
region, which must have been subjected to an adequate amount of erosion (Schumm 
1963). In tectonically active mountainous settings, there is a heightened degree of 
bedrock weathering due to the increase in localised fracturing which increases the degree 
of bedrock destabilisation. In contrast to non-tectonically driven alluvial fan settings, there 
is a heightened need for sediment derived from these weathering processes, as there is 
no pre-existing sediment to be remobilised as there is in glacial fan environments (Ryder 
1971).  
The rate of sediment supply into continental basins is difficult to quantify. It depends upon 
the degree of bedrock denudation, processes of surface stabilisation, the bedrock 
lithology, climate, and tectonic evolution (Leeder et al. 1998, Jackson & Leeder 1994). 
Due to the variable nature of each of these processes the sediment supply often changes 
spatially across the basin, through non-uniformity, or over time, through unsteadiness 
(Colombo 1994). It is often considered that climatic changes are the most important 
control on sediment supply in continental basins (Leeder et al. 1998, Ludwig & Pobst 
1996, Blum 1993). Flashy discharge into arid basins sources the eroded sediment to the 
alluvial fan system. Fine-grained sediment is occasionally reworked onto the fan surface 
through the process of wind ablation (Burbank & Pinter 1999).  
Another important control on sedimentation into continental basins is the tectonic 
evolution. Rates of bedrock denudation are elevated in areas of high relief which are at 
the most unstable after the cessation of tectonic uplift. Again, the resultant denudation is 
uneven across the mountainous front so the rate of sediment supply is difficult to 
determine. Tectonics and climate again form a complex feedback loop, as climate is 
considered to be the main control on sediment supply (Leeder et al. 1998) but a 
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tectonically uplifted area can lead to a localised increase in seasonal rainfall. With the lack 
of dating methods available for continental stratigraphy, it is difficult to determine 
denudation rates, again making the rate of sediment supply difficult to quantify.  
2.2.5 Autocyclic controls on alluvial fans 
Various autocyclic controls also affect deposition within alluvial fan settings. These occur 
with a shorter wavelength than the allocyclic controls, but are more frequent. One of the 
main autocyclic processes is lobe switching, one lobe is often dominant for a period of 
time, then catastrophic flood events or channel avulsion can lead to the development of 
new lobes (Blair 1987). Abandoned lobes often become stabilised and vegetated, but can 
undergo a degree of deflation due to wind-blown processes (Larsen & Steel 1978, Heward 
1977). Fan head entrenchment is also autocyclic within alluvial fans. This occurs when 
tectonic uplift is elevated against the amount of proximal basin infill, or due to the 
downwards erosion of proximal flows (Lecce 1990, French 1987). In addition to this, 
smaller-scale autocyclic changes in base level and sediment supply can occur in 
continental basins.  
2.3 Depositional systems in distal extent of continental basins 
Alluvial fan environments dominate proximal fill throughout the development of continental 
basins, whereas contemporaneous archetypal arid continental depositional environments 
dominate the basin centre. The main continental basin-centre depositional environments 
are aeolian and distal fluvial systems, with intermittent lacustrine systems and playa lakes. 
If the continental basin is unrestricted, the deposits occasionally interact with shallow 
marine environments (Figure 2.8).  
2.3.1 Fluvial systems 
Fluvial systems are an important environment in arid continental basins. Mountain-front 
proximal fluvial systems are dominated by erosional, high-energy and small-scale stream 
systems that preserve immature sediments at outcrop scale (Shanley & McCabe 1994). 
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The high-energy braided fluvial systems can be considered as alluvial fan-related 
secondary environments (Blair & McPherson 1994). With distance from the alluvial fan, 
the fluvial environments become relatively more mature due to the increasing distance 
from the source, and the reduction of basin gradient (Weissmann et al. 2010). These 
developing fluvial systems rework the coarse-grained fan sediments, which allows the fan 
to develop megafan architectures (Leier et al. 2005). In arid continental settings, streams 
and rivers are commonly ephemeral due to seasonal fluxes in water supply and climatic 
variation (Blum & Tornqvist 2000). It is possible that ephemeral streams are dry for a 
number of years between rainfall events (Reid & Laronne 1995). Ephemeral streams are 
characterised by massive fluvial strata which overlie basal wadi deposits. 
The change in gradient is one of the main controlling factors on fluvial deposition in the 
central areas of continental basins (Shanely & McCabe 1994). As the fluvial environments 
migrate from the elevated fan surface, they develop into sandy bedload anastomosing 
systems with a relatively well-developed floodplain. Crevasse splays and gradual flood 
events are common within these medial fluvial environments, and increase in frequency 
during periods of ephemeral fluid recharge (Nichols & Fisher 2007). The fluvial flows 
eventually develop into meandering fluvial environments which dominate until they die out 
in terminal lobes, or interact with distal arid-continental depositional systems (Bull 1991).  
In addition to fluvial environments sourced from the uplifted mountainous regions, axial 
fluvial systems are also prevalent in continental basins (Mack & Leeder 1999). The axial 
fluvial systems are often fault controlled and are therefore more common in extensional 
basins, and occasionally occur in compressional foreland basins (Hirst & Nichols 1986). 
Alluvial fan systems often terminate against these fan-toe cutting axial fluvial systems 
(Hartley et al. 2010). This interaction can result in the reworking of the base of the alluvial 
fan, and the lateral migration of the deposits away from the fan toe (DeCelles et al. 1991). 
This stunts the progradation of the system, causing the fan to either aggrade or 
retrograde.  
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2.3.2 Aeolian systems 
Aeolian environments dominate central arid continental basins, where there is little to no 
precipitation. The most notable distal aeolian deposits in continental basins form erg-
systems, and erg-edge sandsheets (Mountney 2006, Kocurek & Meilson 1986). The 
deposits are distinctive in their well-rounded, well-sorted nature and are commonly cross-
bedded, in both a planar and trough-cross-bedded fashion. Certain sedimentary structures 
are unique to wind-blown deposits including, but not limited to, grainfall and grainflow 
structures, ballistic ripple laminations, and adhesion ripples (Mountney 2006). Aeolian 
systems prove to be good indicators of climate. Wet interdunes indicate an influx of fluid 
into the aeolian dune system, and can represent a slightly more humid environment. 
Preserved carbonate-rich interdune deposits suggest a period of long-standing water, and 
a lack of deposition. Dry interdunes indicate a lack of moisture and an increase in the 
overall aridity of the climate (Mountney & Thompson 2002).  
Supersurfaces can also indicate climate through the presence of large flooding surfaces, 
representing a large influx of water into the arid systems. Deflation supersurfaces indicate 
a lack of available clastic sediments. In aeolian systems the base level is considered to be 
the water table, which controls the deflation and flooding surfaces (Fryberger et al. 1988). 
Aeolian systems rarely link to changes in relative sea level unless the environment is 
directly adjacent to the marine setting. It is therefore accepted that aeolian environments 
commonly respond to longer-term alterations in climate (Shanley & McCabe 1994). A 
drying of the climate leads to a drop in the water table which results in a lower 
preservation potential of the aeolian deposits, and often initiates dune bypass (Havholm & 
Kocurek 1994). If the climate becomes progressively wetter it leads to the shutdown of the 
aeolian system and resultant deposition within dormant larger bedforms, which 
occasionally become reworked through secondary depositional processes (Kocurek et al. 
1991).  
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2.3.3 Lacustrine systems 
Lacustrine systems occur during relatively humid climatic periods, where a water supply 
feeds topographical lows. Lacustrine systems are either fed by fluvial systems, by direct 
precipitation onto the basin surface, or through changes in the capillary water table 
(Eugster & Hardies 1975). Lacustrine systems are sensitive to climate change, and can 
therefore be used to provide accurate indications of palaeoclimate (Nichols 2009). A 
wetter environment provides a consistent water supply, leading to a hydrologically open 
lacustrine system. Common facies in an open system are those attributed to sediment 
settling through a water body, with occasional intercalations of turbidity currents. Coarser 
grained, shore-proximal facies can be attributed to the accumulation of lacustrine deltas 
(Johnson & Graham 2004). If the lacustrine environment is fed by capillary action from a 
rise in the water table, sediment flux into the system is relatively low (Howell & Mountney 
1997).  
Arid environments also lead to the occurrence of playa lakes, which commonly dry 
upwards over time, and are considered ephemeral in more seasonally driven climates 
(Briere 2000). Saline-rich playas can lead to the precipitation of evaporites, whereas 
drying in a freshwater lake is indicated by evidence of vegetation growth and the presence 
of desiccation cracks. Carbonate strata can occur in lacustrine settings, if the clastic 
sediment supply is discontinuous or very low. Common fan-related lacustrine facies 
include reworked debris-flow pulses (Heward 2006). In the lacustrine system, changes in 
water level affect sedimentation independent of whether it is an ‘open’ or ‘closed’ system. 
The changes in resultant sedimentation can be loosely related to marine sequence 
stratigraphy, if the lacustrine body is of a large enough magnitude (Allen & Collinson 1986, 
Sly 1978).  
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2.3.4 Marine environments 
Marine incursions into arid continental basins are predominately shallow, with low-angle 
shelf relief, and frequently epicontinental. They are commonly signified by the occurrence 
of marine carbonate strata, but where clastic material occurs, it tends to be bimodally 
cross-bedded with indications of preserved mud drape deposits. The carbonate-heavy 
environment often signifies a strong biological influence, and a lack of terrigenous 
sediment supply (Nichols 2009). Evaporite shoreline deposits also occur through sabkha 
environments, which are defined by their low-relief nature, and lack of paralic deposits. 
Sabkha environments are formed when groundwater seepage from the sea leads to 
distinctive evaporite concentrations (Briere 2000).  
2.4 Summary  
Early researchers divided alluvial fans into two distinct categories: 1) humid, and water-
driven; and, 2) arid, and debris-driven. It has since been established that a combination of 
these controlling processes occur in the majority of fan environments in all climatic 
regimes. The depositional processes themselves, however, do relate to periods of 
increased humidity or aridity, but the processes commonly cycle between the two 
extremes. Deposition into alluvial fan systems is divided into: 1) primary mass-wasting 
events caused by denudation of the uplifted bedrock and through the destabilisation of the 
colluvial slope; and, 2) secondary processes which lead to the remobilisation and 
reworking of the initial deposits through secondary water flows and the wind-driven 
deflation of the surface. 
Various cyclic controls act upon alluvial fan environments. The main recognised cycles 
relate to variations in tectonics and climate. Changes in base level and sediment supply 
also cause significant variations in the resultant deposits. Tectonically controlled basins 
give out similar signatures to alterations in climatic control. The depositional environments 
of continental basin centres are mainly controlled by long-term allocyclic changes in 
climate. As the toe of the alluvial fan interacts with these distal environments, it is 
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important to understand the depositional systems of the basin centre. The main 
environments observed in the basin centre are aeolian, fluvial, lacustrine, and marine. The 
interaction of the alluvial fan and the contemporaneous environments of the distal extent 
of the basin led to the development of unique and localised facies variations within a zone 
of interaction.  
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The Paradox Basin of the western U.S.A. is an early Pennsylvanian through to Permian 
intracratonic foreland basin developed ahead of the Uncompahgre Uplift. Proximal 
Permian-aged deposition, towards the easterly extent of the Paradox Basin, comprises 
the lithostratigraphically undifferentiated alluvial fan system of the Cutler Group, 
commonly termed the ‘Cutler Group, Undivided’. The alluvial fan sediments were 
deposited as a clastic wedge which prograded westwards from the source area of the 
Uncompahgre Uplift. Although these proximal clastic deposits remain lithostratigraphically 
undivided, they are relatively heterogeneous. Basinward, towards the west, the alluvial fan 
wedge interdigitates with contemporaneous sediments, which are lithostratigraphically 
subdivided into the lower Cutler beds, the Cedar Mesa Sandstone, the Organ Rock 
Formation and the White Rim Sandstone (Condon, 1997). The zone of interaction 
between the four lithostratigraphical units of the western parts of the basin and the 
undifferentiated alluvial fans in the east is informally referred to as the ‘Arkosic Facies’.  
Most recent interpretations have suggested that the distal depositional environments were 
controlled by allocyclic climatic fluctuations (Jordan & Mountney 2012, Cain & Mountney 
2009, Mountney & Jagger 2004). Climatic control on these distal depositional 
environments has resulted in the preservation of distinct and correlatable sedimentary 
units, and has allowed lithostratigraphical subdivisions to be made at formation level.  
This research has identified twenty-eight separate facies within the proximal Cutler Group 
Undivided. The twenty-eight facies encompass deposits from the alluvial fan system itself, 
as well as associated proximal basin sedimentation. The facies have been grouped 
largely according to one of three inferred depositional processes: 1) fluid-flow facies that 
resulted from deposition from hydrodynamic processes; 2) mass-flow facies that result 
from debris-driven processes; and, 3) traction-deposited sediments formed by wind-blown 
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processes. Additional facies that can be observed throughout the proximal clastic wedge 
include those that relate to; 1) the process of fan-surface stabilisation; 2) carbonate 
growth; and, 3) the process of gravitational settling through a standing body of water.   
This chapter reviews the literature pertinent to the background and development of the 
Paradox Basin, and its subsequent sedimentary fill, as well as specific literature relating to 
the Permian Cutler Group. A detailed description of the facies scheme that this research 
has identified within the deposits of the clastic wedge that forms the proximal Cutler Group 
is also presented. 
3.1 Background to the Paradox Basin 
From the early Pennsylvanian to early Permian periods the western interior of the United 
States of America underwent a period of compression attributed to the Ouachita – 
Marathon orogenic event (Kluth & Coney 1981). This compressional episode was a result 
of the collision of the Gondwana and Laurentian supercontinents, and finally concluded in 
the formation of the Appalachian – Ouachita – Marathon fold and thrust belt (Kluth 1986). 
The Ancestral Rocky Mountains (ARM) were uplifted as a component of this fold and 
thrust belt and, in turn, promoted the development of several flexural foreland basins 
throughout the interior of the western U.S.A. (Hoy & Ridgeway 2003, Yang & Dorobek 
1995, Lindsey et al. 1986).  
The Uncompahgre Uplift of western Colorado was an outlier of the ARM. The 
Uncompahgre Uplift developed throughout the later stages of the Palaeozoic Era. The 
Paradox Basin (Figure 3.1) developed as a foreland basin in front of the Uncompahgre 
Uplift, and is situated over the adjoining corners of the states of Utah, Colorado, New 
Mexico and Arizona (Trudgill 2011, Mallory 1958). Contemporaneous erosion of the 
Uncompahgre Uplift during its growth provided the predominant source of sediment that 
infilled the proximal parts of the Paradox Basin during the Pennsylvanian and Permian 
periods (Case 1991).  
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Figure 3.1. The outline of the Paradox Basin, displayed in relation to the Four Corners Region. 
The Paradox Basin is an intracontinental foreland basin, which resulted from the uplift of the 
Uncompahgre Plateau. The limits of the Paradox Basin are defined by the limits of the deposits of 
the Carboniferous Paradox Formation. (After Nuccio & Condon 1996).  
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The Uncompahgre Uplift is now a present day topographical high due to a Laramide 
rejuvenation of the underlying thrust fault during the late Cretaceous to early Palaeogene 
periods. 
The Pennsylvanian sedimentary fill of the Paradox Basin is dominated by evaporites and 
organic-rich siltstones that were deposited within a restricted marine environment. These 
deposits form recognisable cycles that comprise the Paradox Formation. The lateral 
extent of the Paradox Formation defines the margins of the Paradox Basin and explains 
the northwest-axis elongated nature of the basin (Barbeau 2003, Condon 1997, Campbell 
1980, Hite 1960). The basin underwent a period of restricted marine withdrawal during the 
early Permian Period, and by the mid-Permian Period the influx of sediment from the 
basin margin caused the basin to reach capacity, forcing it into a state of overfill. Despite 
this, deposition continued in the Paradox Basin area until the Neogene Period (Table 3.1). 
3.2 Stratigraphy of the Paradox Basin 
The Paradox Formation was deposited during the late Pennsylvanian Period, in the 
Paradox foreland basin that was developing to the west of the Uncompahgre Uplift. The 
end of the Pennsylvanian Period is characterised by the deposition of the carbonate-rich 
Honaker Trail Formation. During the Permian Period, the Cutler Group, Undivided was 
deposited along the margin of the Paradox Basin, with contemporaneous deposits of the 
Cutler Group occurring in the basin centre. Deposition in the area continued from the 
Pennsylvanian Period to the Neogene Period, but the youngest deposits preserved in the 
study area are of Cretaceous age.  
3.2.1 Hermosa Group 
The oldest sediments of the Paradox Basin are those of the Hermosa Group comprising 
the Pennsylvanian Paradox and Honaker Trail formations (Fillmore 2011, Barbeau 2003).
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Table 3.1. Summary of the literature that pertains to the sedimentary fill of the Moab area, of the Paradox Basin. Sedimentary rocks in the area have been dated from the Carboniferous Period to the Jurassic Period.  
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Paradox Formation 
The Paradox Formation has specific relevance to this research as it influences later stage 
deposition in the proximal part of the basin. During the early Pennsylvanian Epoch, the 
Paradox Basin was enveloped by a shallow, restricted, inland sea (Figure 3.2a). Adjacent 
to the Uncompahgre Uplift, along the proximal, eastern margin of the basin, the Paradox 
Formation comprises immature sediments, such as conglomerates and coarse-grained 
sandstones, sourced by the shedding of detritus off the uplift (Williams-Stroud 1994). 
Contemporaneous deposition in the central parts of the basin, from the southwest 
perimeter of the town of Moab to the easterly boundary of Canyonlands National Park, 
was dominated by marine evaporitic and clastic sediments that were deposited within a 
restricted sea environment.  
Between twenty-nine and thirty-four clastic-evaporite depositional cycles have been 
identified within the Paradox Formation (Nuccio & Condon 1996, Goldhammer et al. 
1991). The cessation of each individual cycle is marked by an unconformable erosional 
contact. A complete cycle comprises basal organic-rich siltstone, dolomite and anhydrite, 
capped by halite. The deposits represent cyclic temporal increases in salinity within the 
shallow seaway (Massoth & Tripp 2011). The repetitive cyclicity has been attributed to 
small-scale relative marine transgressions and regressions throughout the course of 
deposition (Goldhammer et al. 1991). During periods of regression, increased salinity 
within the restricted sea led to the deposition of evaporites. During periods of 
transgression a relative decrease in salinity prompted the deposition of overlying 
carbonate components (Williams-Stroud 1994, Raup & Hite 1992).  Post-depositional 
reactivation of the salt deposits occurred due to differential loading of sediments 
throughout the Permian and Triassic periods, which led to a range of halokinetic 
topographies forming in the evolving Paradox Basin.  
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Honaker Trail Formation 
Stratigraphically and conformably overlying the Paradox Formation is the late 
Pennsylvanian Honaker Trail Formation (Baars 1979), which represents an evolution in 
environment from that of the restricted sea, which was present during the deposition of the 
Paradox Formation, to an open, tropical, marine system (Figure 3.2b). The 
palaeoenvironment resulted in deposition of fossiliferous limestones, with intermittent 
beds of sandstones and siltstones, indicating occasional increases in clastic sediment 
supply (Franczyk et al. 1995). 
Palaeocurrent data, derived from marine clastic deposits, indicate that the sediments were 
sourced from fluvial systems coming off of the Uncompahgre Uplift, and transported in a 
south-westerly direction towards the distal part of the basin (Huffman & Condon 1993). 
The marine environment became shallower towards the northeast of the basin and the 
resultant deposits are indicative of deltaic environments (Barbeau 2003). Further towards 
the northeast, towards the Utah – Colorado state line, in the proximal portion of the basin, 
the deposits suggest a disconnection from the marine environment and comprise 
terrigenous proximal fluvial and related aeolian systems (Nuccio & Condon 1996).  
3.2.2 Permian Cutler Group 
By the onset of the Permian Period the Paradox Basin was located on the western margin 
of the Pangean supercontinent, lying just north of the equator (Barbeau 2003, Condon 
1997). Consequently, the palaeoclimate was predominantly arid (Figure 3.3). The 
restricted marine seas of the Pennsylvanian Period had receded, and continental 
environments dominated deposition in the basin. 
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Within the Paradox Basin, the contact between the preserved Pennsylvanian sediments of 
the Hermosa Group and the Permian sediments of the Cutler Group is gradational 
(Condon 1997). Both the late Pennsylvanian and early Permian deposits have a distinct 
lack of dateable marker beds. Consequently, the actual horizon that marks the Permo-
Carboniferous boundary is unclear in this part of the basin. As such, the oldest Cutler 
Group deposits may be latest Carboniferous in age. The Cutler Group sediments have a 
wedge-like geometry, with the depositional package decreasing in thickness from 
approximately 1.8km in the proximal part of the basin, to approximately 500m in the distal 
areas of the basin (Barbeau 2003).  
Four lithostratigraphical subdivisions have been identified within the medial and distal 
Paradox Basin: the lower Cutler beds; the Cedar Mesa Sandstone; the Organ Rock 
Formation; and, the White Rim Sandstone Member. By contrast, the deposits exposed 
adjacent to the Uncompahgre Uplift, along the north-east margin of the basin, are 
lithostratigraphically undivided below group level (Figure 3.4) and are termed the Cutler 
Group, Undivided. 
Uplift of the Uncompahgre continued until the later stages of the Cisuralian Epoch (Baars 
1979). The erosion of the exposed high resulted in a vast quantity of sediment being 
transported into the proximal parts of the Paradox Basin throughout the Permian Period. 
This high and continuous sediment influx led to the development of alluvial fans, 
immature, but extensive fluvial systems, and eventually to the build-up of intermittent 
aeolian and lacustrine environments within the proximal part of the Paradox Basin. In 
addition to these evolving terrestrial environments, the early Permian Period saw several 
marine incursions into the Paradox Basin. These incursions have been attributed to 
periodic relative sea-level fluctuations, and the observed extent of the resultant carbonate-
rich deposits within the Paradox Basin suggests a shallow basinal slope at the time of 
deposition (Doelling 2004).  
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Lower Cutler beds 
The late Pennsylvanian to early Permian lower Cutler beds are an informal 
lithostratigraphical subdivision and comprise the oldest deposits of the Cutler Group in the 
central and western parts of the basin (Baars 1979). Towards the northeast margin of the 
Paradox Basin the lower Cutler beds are dominated by sedimentary rocks deposited in 
fluvial environments. The coarse-grained deposits display south-westerly palaeocurrents, 
suggesting that the systems were sourced from the Uncompahgre Uplift (Soreghan et al. 
2002). The presence of interbeds of fine-grained, quartz-rich sandstones suggests that 
small-scale aeolian ergs and sandsheets blanketed the fluvial floodplain during periods of 
increased aridity (Jordan & Mountney 2010). The palaeocurrent directions within these 
intermittent aeolian systems show sediment migration towards the northwest, which 
suggest that the aeolian sediments were reworked from the deposits of contemporaneous 
distal environments (Mack 1977).  
Further into the distal part of the basin the fluvial systems interdigitated with deltaic and 
clastic shallow-marine environments (Jordan 2010). The shallow-marine interpretation of 
these clastic sediments is supported by the fossil content, which consists mainly of 
bivalves and gastropods, and by the presence of tidal sedimentary architectures.  
Marine regressions occurred at intervals throughout the deposition of the distal lower 
Cutler beds. These regressions resulted in deposition of sediments of highly branched 
deltaic systems, and associated paralic environments. The deltaic sediments are topped 
by thin coal beds (Tidwell 1988) indicating that these deltas, and related continental 
swamp environments, persisted for long periods during the deposition of the lower Cutler 
beds (Terrell 1972). The exposed paralic systems act as a sediment source for later-stage 
aeolian deposition.  
Thin marine limestone bands are interspersed throughout the lower Cutler beds. The 
limestone deposits are grey, and contain clasts of chert, granite, sandstone fragments and 
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silt. The limestones are highly fossiliferous, and contain brachiopods, gastropods, 
bryozoans, sponges and bivalves as well as occasional trilobite fragments (Terrell 1972). 
The varying internal architectures of these limestones suggest a rapidly changing 
depositional environment, fluctuating from high-energy offshore to isolated estuarine 
systems. This has been attributed to a continuous and rapidly fluctuating sea-level 
throughout the lowermost Permian Period (Jordon & Mountney 2010).  
Cedar Mesa Sandstone 
In the central and western parts of the basin, the lower Cutler beds are overlain by the 
Cedar Mesa Sandstone. The Cedar Mesa Sandstone varies between approximately 100m 
and 300m in thickness across the basin (Condon 1997). Where the lower Cutler beds are 
relatively thin, the contact with the Cedar Mesa Sandstone is sharp, whereas where the 
lower Cutler beds are thicker the boundary is more gradational, and thickness of the 
overlying Cedar Mesa Sandstone is comparatively thinner (Jagger 2003).  
The deposits of the Cedar Mesa Sandstone represent a periodically flooded, wide-spread, 
aeolian plain. Architectures indicate that the dune forms were commonly interspersed with 
intermittent wet and dry interdune environments (Jagger 2003). The wet interdunes are 
more frequent towards the edges of the erg system, whereas the dry interdunes are more 
abundant towards the erg centre. Southwest-flowing, ephemeral fluvial systems fed wet 
interdunes along the north-eastern edge of the erg (Mountney & Jagger 2004, Jagger 
2003). The observed architectures prompted initial interpretations of the deposits as those 
of a wide-spread, arid, fluvial plain (Baars 1962, Mack 1979). The interdune deposits are 
laterally continuous with unique sedimentary architectures that are the product of aeolian-
fluvial interaction (Jagger 2003). The erg system was bounded towards the west and 
south by a shallow seaway (Mack 1979). Wet interdunes along the erg edge were 
periodically flooded by rapid sea level fluctuations (Mountney & Jagger 2004). However, 
the southeast palaeo-wind direction, indicated by the erg deposits, suggests that the 
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aeolian sediments were sourced from this exposed palaeo-coastline at times of 
regression.  
Laterally extensive super-surfaces occur throughout the deposits of the Cedar Mesa 
Sandstone. Initial interpretation of these surfaces suggested that they were caused by 
periodic flooding from proximal fluvial systems (Baars 1962). The deposits have later been 
reinterpreted as deflationary surfaces caused by a rise in the water table (Loope 1985), as 
the magnitude of the episodic flooding events was not thought to be high enough to create 
such large-scale surfaces. The periodic flooding of these ephemeral fluvial systems did, 
however, feed small-scale and shallow playa lakes, which persisted within the distal 
extent of the basin after the flood events had waned (Mountney & Jagger 2004).  
Organ Rock Formation 
The Organ Rock Formation directly overlies the Cedar Mesa Sandstone in the central and 
western parts of the basin. The boundary between the two is gradational and the 
thickness of the Organ Rock Formation varies across the basin from approximately 250m 
in the central parts of the basin to approximately 30m in the Monument Upwarp region, 
(Figure 3.1), towards the west of the basin (Condon 1997). Monument Upwarp was 
uplifting throughout the Permian Period, which caused the significant depositional thinning 
of the Organ Rock Formation in the area (Stanesco et al. 2000). Within the Organ Rock 
Formation there is evidence of fluvial, aeolian and marine deposits (Stanesco & Dubiel 
1992, Stanesco et al. 2000). The Organ Rock Formation has been interpreted as a large-
scale, arid, terminal fluvial fan (Cain 2010).  
Towards the northeast of the Paradox Basin, in a more proximal position to the 
Uncompahgre Uplift, the deposits are dominated by conglomerates and sandstones which 
represent braided fluvial systems (Stanesco et al. 2000). Palaeocurrent data from these 
more proximal deposits suggest that the rivers were flowing westwards, away from the 
uplift and towards the basin centre (Condon 1997). The environment in the basin centre 
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became gradationally more aeolian through time. The deposits are fine-grained and have 
been interpreted as loessites (Stanesco et al. 2000). Sporadic fluvial sedimentation is 
evident interbedded with the loessite deposits, suggesting that the fluvial system 
occasionally invaded the aeolian plain, giving rise to periods of fluvial dominance. Some of 
the interspersed fluvial environments persisted laterally until they reached the shallow 
marine environments that were situated at the western extent of the basin (Cain 2010).  
White Rim Sandstone Member 
The deposits of the White Rim Sandstone Member are limited in extent to the 
Canyonlands National Park area in the north-west of the basin (Figure 3.1). The member 
overlies the Organ Rock Formation, where it is present, but often directly overlies the 
Cedar Mesa Sandstone (Steele 1987). The deposits range in thickness from 
approximately 250m to approximately 60m. The sedimentary architectures observed 
within the White Rim Sandstone suggest that it was deposited on a coastal aeolian plain, 
with interspersed evidence of interdunes (both wet and dry), sabkhas, and marine 
environments (Huntoon & Chan 1987)  
Towards the eastern margin of the coastal erg the deposits grade into those of a water-
table driven sabkha (Steele 1987). To the west, there is evidence of an increasing marine 
influence on the coastal plain. For example, there are marine trace fossils within the wet 
interdune deposits (Kamola & Chan 1988). In addition to the erg system deposits in 
Canyonlands National Park, an aeolian outlier of the White Rim Sandstone is exposed in 
the Castle Valley area (Steele 1987).  
Cutler Group, Undivided 
The Cutler Group, Undivided is exposed towards the northeast margin of the basin, in the 
area fringing the Uncompahgre Uplift. The proximal part of the Cutler Group forms a 
clastic depositional wedge within which the lithostratigraphical units identified elsewhere 
cannot be differentiated. The Cutler Group, Undivided comprises sedimentary rocks 
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deposited in alluvial fan, fluvial and aeolian environments, with the environments evolving 
rapidly, and becoming progressively more diverse, with distance from the Uncompahgre 
Uplift (Doelling 2001). Alluvial fan talus cones fringe the most proximal parts of the basin 
floor (Blair & McPherson 1994).  
With distance from the Uncompahgre Uplift, the deposits fine and show indications of 
becoming progressively more fluvial throughout the medial extent of the Cutler Group, 
Undivided (Mack & Rasmussen 1984). Braided fluvial systems and related overbank 
deposits dominate the majority of the medial and distal fan, but relatively thin 
(approximately 0.1m to 0.5m) aeolian beds are intermittently present throughout 
(Campbell 1980). Palaeocurrent data from the fluvial systems indicate that they were 
westwards flowing, away from the source area of the Uncompahgre Uplift towards the 
palaeo-coastline. The aeolian systems show a contrasting palaeo-wind direction, towards 
the southeast, indicating that the aeolian sediments were sourced from finer-grained 
sands which were periodically exposed along the shoreface (Campbell 1980).  
3.2.3 Controls of the Paradox Formation on the deposition of the Cutler Group 
The Cutler Group is underlain by the evaporite-rich Pennsylvanian Formation, which 
controlled Permian alluvial fan, and fan related, deposition. At the time of Permian 
deposition the salt of the Paradox Formation was substantially thicker towards the 
Uncompahgre Uplift bounded edge of the basin, and thinned towards the southwest, in 
the direction of the basin centre. Additionally, the evaporite deposits had more localised 
variations in thickness due extensive faulting of the underlying basement prior to 
deposition of the Paradox Formation. Upwelling of the salt deposits affected deposition 
from the Late Pennsylvanian Honaker Trail Formation through to deposition of the Late 
Triassic sediments (Trudgill 2011). This halokinetic movement was heightened due to the 
differential loading of the Permian-aged Cutler Group along the basin margin, towards the 
northeast. This loading led to the generation of salt controlled mini-basins in this area 
(Kluth & Duchene 2009). This underlying topography caused thickness variations 
Chapter Three: Facies of the Cutler Group Alluvial Fans 
 
 
57 
 
throughout the oldest deposits of the Cutler Group, Undivided, with the sedimentation 
thickening in the mini-basin centres, and thinning over the salt wall crests. The presence 
of these salt mini-basins also led to sedimentary system rerouting in the area (Venus et al. 
2014). The salt walls, pillows, and diapirs are localised throughout the proximal extent of 
the basin, and the deposits of the Cutler Group are seemingly continuous away from this 
point (Trudgill 2011).  
3.2.4 Mesozoic Strata of the Paradox Basin 
Deposition continued in the Paradox Basin until the late Neogene Period, but the 
youngest preserved sediment is dated to the Cretaceous Period (Table 3.1). A period of 
erosion occurred around the cessation of the Permian Period, and resulted in an 
unconformable boundary between the Palaeozoic and Mesozoic strata (Fillmore 2011). 
Break-up of the Pangean Supercontinent in the Triassic Period led to a global eustatic 
sea-level rise that resulted in shallow seaways transgressing into the Paradox Basin. The 
Triassic Period (Table 3.1) saw a shift from an arid palaeoclimate (Figure 3.5a) during 
deposition of the Moenkopi Formation (Stewart et al. 1972), into a progressively more 
monsoonal palaeoenvironment during the later-stage deposition of the Chinle Formation 
(Matthews et al. 2007). 
Throughout the early Jurassic Period (Table 3.1) the Paradox Basin was blanketed by a 
widespread aeolian erg, represented in the deposits of the Wingate Sandstone. Later in 
the early Jurassic Period the erg system was gradationally flooded by an ephemeral fluvial 
system, preserved in the deposits of the Kayenta Formation, and marking the end of 
aeolian erg deposition (Blakey & Ranney 2008, Nation 1990, Harshbarger et al. 1957). 
Following the deposition of the Kayenta Formation, the Paradox Basin returned to a 
predominately aeolian environment, represented by the deposition of the Navajo 
Sandstone. A shallow marine incursion controlled the depositional environment of the 
basin during the mid-Jurassic Period, resulting in the deposition of the marine, sabkha and 
coastal aeolian deposits of the San Rafael Group (Doelling 2001). 
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As the palaeoclimate became progressively more humid (Figure 3.5b), and the seaway 
regressed, the fluvial systems of the Morrison Formation inundated the Paradox Basin 
area and persisted until the end of the Jurassic Period (Peterson & Turner-Peterson 1987, 
Tyler & Etheridge 1983). 
3.3 Facies of the Permian Cutler Group 
Twenty-five logged and measured sections have been examined along a northeast to 
southwest transect through the Cutler Group sediments. These logs total 1579.5 km in 
thickness (individual log thicknesses are outlined in Table 3.2), and extend from the 
proximal alluvial fan exposures, near Gateway, Colorado, to the contemporaneously 
subdivided deposits in the distal portion of the basin, along the easterly margin of 
Canyonlands National Park, Utah (Figure 3.6). Although the logged sections follow this 
general northeast - southwest line of transect, lateral deviations from this line allow for a 
more three-dimensional interpretation of the Cutler Group depositional system. The 
logged localities (Figure 3.7) have been chosen where a full succession of the Permian 
sediments is present, or in areas where significant marker beds are evident within the 
exposure. Table 3.2 outlines the localities in which each of the logs have been collected, 
their relative position within the basin, and the relevance of each log to the depositional 
story of the Cutler Group. 
The sedimentary logs have been interpreted to identify individual facies related to 
depositional process. Twenty-eight facies have been identified within the Cutler Group 
strata, and have been grouped in relation to the dominant depositional processes. These 
processes include transportation through water-flows, debris-flows, wind-blown 
processes, or through other significant modes of deposition.   
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Figure 3.6. The four corners region, with the addition of the outline of the Paradox Basin (After 
Nuccio & Condon 1996). The field area studied through the duration of the research has been 
divided into the proximal basin, fringing the Uncompahgre Uplift, the salt mini-basin province, 
where the uplift of the evaporitic component of the Paradox Formation shaped both the Permo-
Triassic deposition, and the present day topography, and the distal basin, where the deposits of 
the Cutler Group have been lithostratigraphically subdivided.   
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Figure 3.7. The Moab area within the Paradox Basin. The map extends from the town of Gateway, 
Colorado, towards the northeast of Moab, to Canyonlands National Park, towards the southwest of 
Moab (After Nuccio & Condon 1996). Marked on the map are the localities and names of the logs 
that have been collected through the duration of this research. The logs have been collected along 
a proximal to distal transect, from Gateway, to the location of Dugout Ranch, near Canyonlands.  
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Table 3.2. Log localities from the proximal to distal basinal transect. The table outlines the position 
of each log within the basin, as well as the reasons as to why each locality was chosen, and the 
important features, both geological and lithostratigraphical, found in each area. The logs are 
presented in Appendix A.  
 
Log Name 
 
Basin Position 
Important Features Thickness 
(m) 
 
Castro Draw 
 
The most proximal point to 
the Uncompahgre Plateau. 
Cutler Group, Undivided 
 
Exposed fan apex deposits. 
Unique locality that exhibits 
rock fall, rock slide, rock 
avalanche and sheetflood 
deposits. 
 
27m 
   
 
Gateway Canyons 
 
Proximal immediate fan. 
Cutler Group, Undivided 
 
Proximal alluvial fan facies. 
Very immature deposits 
sourced from the basement. 
Dominated by debris flows. 
 
71.5m 
   
 
John Brown 
Canyon 
 
Medial immediate fan. 
Cutler Group, Undivided 
 
Relatively more mature 
deposition. Increase in fluvial 
reworking and decrease in 
debris flows. Boulder-grade 
conglomerates still occur. 
 
28m 
   
 
Hittle Butte 
 
Salt mini-basin province.  
Cutler Group, Undivided 
 
Contact with the overlying 
Triassic sediments. Overlaps 
with the Fisher Towers log. 
 
25.5m 
   
 
Fisher Towers 
+ Top 
 
Salt mini-basin province. 
Cutler Group, Undivided 
 
Almost complete exposure. 
Fluvial systems dominate in 
places, as well as aeolian 
sediments developing at 
sporadic intervals. 
 
129.5m 
+25m 
   
 
Castle Valley 
 
Salt mini-basin province. 
Cutler Group, Undivided 
 
Log goes through contact 
with the Triassic deposits. 
Again evidence of a potential 
gypsum conglomerate. 
 
105m 
   
 
White Rim 
 
Distal edge of salt mini-
basin province.  
White Rim Sandstone 
 
Aeolian White Rim 
Sandstone, indicates that the 
salt walls can create a buffer 
from the fan-processes and 
allow aeolian outlier 
accumulations to occur. The 
only area the White Rim is 
present outside 
Canyonlands. 
 
20.5m 
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Seven Mile 
Canyon 
 
Medial Basin.  
Cutler Group, Undivided 
 
Transition from the Cutler 
Undivided into the Triassic 
deposits. 
 
77.5m 
   
 
Killer Bee 
 
Medial Basin. 
Cutler Group, Undivided 
 
Transition from the Honaker 
Trail Formation into the 
Cutler Group, Undivided. Re-
activation of fan deposits 
from salt walls occurs. 
 
26m 
 
 
Moab 
 
Medial Basin.  
Cutler Group, Undivided 
 
Transition from the Honaker 
Trail Formation into the 
Cutler Group, Undivided. 
First appearance of all four 
basal calcareous 
sandstones. 
 
53.5m 
 
 
Hidden Valley 
 
Medial Basin.  
Cutler Group, Undivided 
 
Transition from the Cutler 
Undivided into the Triassic 
Period deposits. 
 
42m 
   
 
Potash River 
 
Zone of interaction. 
Arkosic Facies 
 
Four basal limestones, 
graded related to the 
calcareous sandstones. 
Unique fossiliferous make-up 
of the limestones is first 
identified here. 
 
25m 
   
 
Potash 
 
Zone of interaction. 
Arkosic Facies 
 
First complete succession of 
the Arkosic Facies. 
Limestones 1-3 are present. 
 
25.5m 
   
 
Potash Boat 
Ramp 
 
Zone of interaction.  
Arkosic Facies 
 
Transition from the Honaker 
Trail Formation into the 
Arkosic Facies. All four 
limestones are present. 
 
63m 
   
 
Gooseneck 
 
Zone of interaction – Lower 
Cutler Beds and Arkosic 
Facies 
 
Transitional contact between 
the Lower Cutler Beds and 
Arkosic Facies. Aeolian and 
lacustrine elements are 
pronounced, in addition to 
fluvial and fan-related fluvial. 
 
156m 
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Shafer Trail 
 
Zone of interaction.  
Arkosic Facies, Organ 
Rock Formation and White 
Rim Sandstone 
 
Complete log through the 
Arkosic Facies, Organ Rock 
Formation and the White 
Rim Sandstone. Interactions 
between the lower two 
formations can be observed. 
 
103m 
   
 
Kane Creek 
 
Zone of interaction. 
Arkosic Facies 
 
Log through the basal 
limestones to the Triassic 
deposits. 
 
72.5m 
 
 
Lockhart 
 
Zone of interaction. 
Arkosic Facies 
 
 
Log through the zone of 
interaction. 
 
83m 
 
   
 
Lockhart Sand 
Dune 
 
Zone of interaction. 
Arkosic Facies 
 
 
Log through the zone of 
interaction. 
 
66.5m 
   
 
Lockhart – Rainy 
Day 
 
Zone of interaction. 
Arkosic Facies 
 
 
Log through the zone of 
interaction. 
 
20m 
   
 
Lockhart-Gibson 
 
Zone of interaction.  
Arkosic Facies 
 
 
Log through the zone of 
interaction. 
 
43.5m 
   
 
Gibson Dome 
 
Zone of interaction.  
Lower Cutler Beds, Arkosic 
Facies and Organ Rock 
Formation 
 
 
Log through all transitions in 
the zone of interaction. Log 
from lower to upper Cutler 
Group, minus the aeolian 
White Rim Sandstone. 
 
165m 
   
 
Indian Falls 
 
Zone of interaction. 
Arkosic Facies 
 
Log through the Arkosic 
Facies in proximity to contact 
with the Cedar Mesa to 
determine the transitional 
architectures. 
 
51m 
  
 
Dugout Ranch 
 
Distal basin to zone of 
interaction. 
Cedar Mesa Sandstone 
into Arkosic Facies 
 
 
Logged across the mapped 
contact between the Cedar 
Mesa Sandstone and the 
Arkosic Facies. 
 
74.5m 
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3.3.1 Water-Flow Facies 
Water-flow facies are indicative of deposition by hydrodynamic processes. In arid 
continental basins, the majority of water-flow driven transport mechanisms occur as 
components of fluvial regimes, ranging from braided fan-surface fluvial systems to more 
mature distal systems. 
Parallel-laminated, fine-grained sandstone facies – Sfpl 
Description: the grain size of Facies Sfpl (Figure 3.8) varies from siltstone to fine-grained 
sandstone. The facies is dark-brown to deep-purple. The purple strata show both an 
increased feldspathic content and a relative abundance of mica. The thickness of facies 
Sfpl varies between approximately 0.01m and 1m. The principal sedimentary structure of 
facies Sfpl is parallel lamination; these laminations often appear convoluted, suggesting 
that occasional de-watering events occurred shortly after deposition. Occasional rhizolith 
horizons are present within thicker packages of the facies (those of approximately 0.5m to 
1m in thickness). Rain-pits and trace fossils are commonly preserved towards the top of 
the individual laminated strata. The deposits are well-sorted, and there is rarely any 
grainsize variation throughout any particular bed.  
Where grain size variation does occur within a bed, the sediments are normally graded. 
Orthogonal desiccation cracks are common on bed surfaces, but bed tops are often 
eroded into by overlying deposits. The individual beds are laterally extensive within 
exposures, and the facies is present extensively throughout the basin, but is most notable 
within the Shafer Trail locality, between the positions of 11.75m and 13.5m on the logged 
section.  
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Interpretation: the extensive fine-grained, parallel-laminated deposits are representative 
of low energy water-flows. The occurrence of rhizoliths, trace fossils, rain pits, and the 
development of orthogonal desiccation cracks indicate periods of depositional quiescence 
and resultant surface stabilisation. The facies are commonly eroded into, which suggests 
that the evolving environment was subject to higher energy water-flow dominated 
systems. Similar deposits of Neogene age can be identified within the deposits of the 
Zagros foreland basin (Pirouz et al. 2011).  
Planar cross-bedded sandstone facies – Spx 
Description: the deposits of facies Spx (Figure 3.9) are fine- to very-coarse grained, with 
occasional basal granule- to pebble-grade clasts that comprise around one percent of the 
total volume. The facies is dark red, orange or deep purple. The sediments observed 
exhibit good to medium sorting, and consist of sub-rounded to rounded clasts. The main 
depositional geometries within the strata are low-angle, planar cross-bedded sets and co-
set packages, which never exceed 3m in height. Within each cross-bed foreset there is an 
accumulation of coarser clasts towards the base, and finer clasts towards the top. 
Additionally, there are occasional higher angle intrasets. In three-dimensional outcrop the 
thickness of the facies is highly changeable and the facies itself is often discontinuous. 
Facies Spx is best observed throughout the medial fan, and the distal extent of the basin. 
The type locality for this facies occurs within the Hidden Valley log between 7.5m and 
8.2m in the section.  
Interpretation: this facies is interpreted as having been deposited within a relatively low-
energy water flow. The accumulation of larger clasts at the base of the strata indicates 
further depositional sorting during the forward migration of the cross-bed sets. The lateral 
extent of the co-sets indicates an accretionary trend during deposition. The deposits found 
in zone three of the Kosi megafan are typified by similar sediments to facies Sxb (Singh et 
al. 1992) 
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Trough cross-bedded sandstone facies – Stx 
Description: Facies Stx (Figure 3.10) is a fine- to very-coarse-grained, dark-red to 
orange sandstone with granule- to pebble-grade clasts occurring throughout. The larger 
clasts are predominately rip-up clasts of underlying siltstone beds, and form up to five 
percent of the overall volume. The clasts are sub-rounded to rounded in composition. The 
deposits exhibit medium to poor sorting as a whole. The sediments occur in trough cross-
bedded sets, which vary in thickness between approximately 0.5m to 2m. The occurrence 
of Stx is prominent in the majority of locations, but the facies increases in frequency with 
distance from the proximal parts of the basin. It is dominant within the Gooseneck locality, 
between 13m and 16.5m, as observable on the Gooseneck log. 
Interpretation: the presence of trough cross-bedding is indicative of the migration, 
accumulation and preservation of sinuous crested, subaqueous bedforms. The trough 
cross-bedded nature of the deposits, in addition to set size, indicates that the facies were 
deposited in the upper limits of the lower flow regime (Miall 2006). The increase in the 
facies with distance into the distal basin suggests that water-driven systems become more 
established with distance from the Uncompahgre Uplift. Similar facies assemblages are 
evident in the Early Holocene sediments of the Mahi River Basin, India (Sridhar et al. 
2013).  
Parallel-laminated sandstone facies – Spl 
Description: the deposits of facies Spl (Figure 3.11) comprise fine- to coarse-grained 
sandstones that are predominately light-brown, red or pale-purple. The deposits are 
normally graded, exhibit well to medium sorting and contain sub-rounded to rounded 
clasts. The internal architecture comprises parallel laminations, which range from 
approximately 0.5cm to 1cm within parallel-laminated sets which themselves range from 
approximately 0.1m to 1.5m in thickness. Asymmetrical ripple laminations are common 
towards the top of the parallel-laminated sets.  
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Facies Spl is common throughout the majority of all locations, but the facies occurs more 
frequently within the distal part of the basin and the distal parts of the alluvial fan, as 
observed within the Fisher Towers locality, between the thicknesses of 4.5m and 7m. 
Interpretation: the parallel laminations indicate that the facies were deposited through 
plane-bed mechanisms within the lower-extents of the upper flow regime (Miall 2006). The 
presence of asymmetrical ripples throughout the facies suggests a waning of individual 
flows over time. Spl is the most common water-flow related facies observed within the 
Cutler Group. The facies becomes more prominent towards the distal extent of the basin 
which suggests an increase in water-driven processes with distance from the proximal 
extent of the basin. Parallel laminated sandstones can be identified in Quaternary 
sedimentation from the Fenwei Basin in China, which records the recent sedimentary 
record of the Yellow River (Hu et al. 2012). 
Intraformational conglomerate facies – Cif / Extraformational conglomerate facies – 
Cef 
Description: the deposits of facies Cif and Cef (Figure 3.12) comprise granule- to 
boulder-grade clasts supported in a fine- to coarse-grained sandstone matrix. Facies Cif 
is composed of intraformational rip-up clasts sourced from surrounding siltstone lithologies 
that are purple to red and commonly entrained in a red to orange matrix. Facies Cef is 
formed from extraformational clasts of gneissic and schistose basement lithologies, and 
are light- to dark grey. Again, these clasts are supported in a red to orange sandstone 
matrix. The deposits are poorly-sorted with intermittent sub-angular to rounded clasts. The 
facies is confined in basal concave channelised forms at outcrop scale, and commonly 
overlies erosional bases. The deposits fine upwards and exhibit normal grading. This 
facies is observed at the majority of locations, but the overall clast size decreases with 
distance from the source area of the Uncompahgre Uplift. Facies Cif is best observed 
within the Fisher Towers locality, between 74.5m and 76.75m, and facies Cef most 
notably occurs between 20.5m and 21m at the Hittle Butte locality.  
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Interpretation: the conglomeratic, yet channelised, nature of facies Cif and Cef suggests 
that deposition occurred in a confined water-flow that lacked sufficient energy to transport 
granule- to boulder-grade clasts further within the flow. This interpretation is supported by 
the proximity of the facies to erosional surfaces. Cif is comprised of rip-up clasts derived 
from surrounding siliciclastic deposits. Cef consists of extraformational clasts which have 
been reworked from the metamorphic basement which was exposed along the 
Uncompahgre Uplift at the time of deposition.  
Both of the conglomerate types display an increase in maturity with distance from the 
proximal Uncompahgre Uplift, indicating a distally maturing flow regime. This is observed 
through an increase in clast rounding, a better degree of sorting and a reduction in clast 
size. Deposits within the proximal basin are dominated by the occurrence of Cef, due to 
the proximity to the eroding basement lithologies. Similar intraformational conglomerates 
can be observed within the lower Members of the Permian-aged Gharif Formation of 
Central Oman (Abbasi 2012). Facies Cif becomes more prominent in the medial and 
distal parts of the basin, away from the basement exposures of the Uncompahgre Uplift. 
Similar extraformational conglomerates have been described in the Boulder conglomerate 
of the Siwalik Formation of the Jammu Himalaya (Pandita et al. 2011). 
Normally graded conglomerate to sandstone facies – Sng 
Description: the deposits of facies Sng (Figure 3.13) comprise a basal layer of a granule- 
to pebble-grade conglomerate that fines upwards into a medium- to fine-grained 
sandstone within distinct, normally graded beds. The clasts are both extra- and 
intraformational. The extraformational clasts are light and dark-grey and consist of 
gneissic and schistose basement lithologies, whilst the intraformational clasts comprise 
red to orange siliciclastic sandstone lithologies. The clasts are moderately sorted and are 
predominately sub-rounded. The matrix is relatively uniform, medium-grained, and is 
deep-red to dark-orange in colour. The finer-grained sandstone, which is present towards 
the upper limits of the facies, is deep-red to dark-orange in colour.  
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There is commonly a slight erosive contact between the facies and any underlying strata, 
but the contact is planar and lacks a channelised form. These deposits are limited to the 
most proximal area of the basin, mainly within the Castro Draw locality. Facies Sng can 
be observed between 20.75m and 21.75m within this log.  
Interpretation: the facies is indicative of catastrophic unconfined water-flows that were 
deposited from single events. Each of these water flows waned over time and distance 
causing the single-bed grading from basal pebble-grade conglomerates to fine-grained 
sandstone. Due to the proximal location of the facies it is likely that these catastrophic 
events were generated by an elevated influx of meteoric water passing through the 
proximal feeder channel, which sourced water and sediment from the upland drainage 
basin to the basin floor. 
The feeder channels were restricted to the area proximal to the Uncompahgre Uplift and 
the flooding of these channels, caused by intermittent high rainfall, led to an outpacing of 
the channel capacity. This caused the flow to radiate out over the basin floor in a single 
flood event. The resultant strata are spatially expansive throughout the proximal basin, 
indicating that the flows were unconstricted, having flooded from the feeder channel, and 
multidirectional, fanning out from the point-source of the feeder channel. Similar facies 
can be identified in older palaeoproterozoic deposits of facies D of the Lower Gulcheru 
Formation of the Cuddapah Basin, India (Basu et al. 2014).  
Poorly sorted matrix-supported conglomerate facies – Cmp 
Description: facies Cmp (Figure 3.14) is a matrix-supported conglomerate which consists 
of granule- to cobble-grade clasts supported within a medium- to coarse-grained 
sandstone matrix. The conglomerate consists of: 1) light to dark grey extraformational 
clasts, which make up around thirty percent of the overall clast content; and, 2) red 
intraformational clasts, that comprise around seventy percent of the total clast volume.  
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The beds are between approximately 1m and 5m in thickness, are poorly sorted, and 
exhibit a lack of internal grading. The conglomerate clasts are commonly sub-rounded and 
exhibit abraded edges. The facies is present within the proximal-most portion of the basin, 
such as between 17.25m and 19m within the Castro Draw log locality.  
Interpretation: facies Cmp was deposited as a product of water-saturated flows which 
rapidly lost energy due to water percolation through underlying porous deposits. This 
percolation results in the rapid deposition of the facies within a single event. The abraded 
clast edges were caused by inter-granular collisions during the flow, which indicates a 
high energy and rapidly migrating transportation process before the almost instantaneous 
loss of water velocity that resulted in deposition. Similar temporally restricted facies are 
identified in the modern-day, water-driven, volcanic fans of the Mount Yakedale volcano, 
Japan (Okano et al. 2012).  
Calcarenite facies – Slc 
Description: facies Slc (Figure 3.15) is made up of fine- to medium-grained calcareous 
sandstone, or ‘calcarentie’, with occasional intermittent limestone clasts that vary between 
granule- to boulder-grade. The facies is predominately light-grey to light-green with 
occasional red or orange coloured, relatively more siliciclastic lenses. The facies is 
medium to well-sorted and the clasts are rounded to well-rounded. The internal 
architecture comprises basal planar cross lamination, which commonly grades into sparse 
planar lamination towards the top of the facies. 
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A prominent feature of facies Slc is the abundant presence of fragmented crinoids and 
brachiopods. Where the crinoids are unfragmented, the long axis of the stalk appears flow 
aligned. The facies is often weathered in a distinct nodular fashion, and bedding planes 
usually exhibit a stylotised contact. Exposures of the deposits occur in the most distal part 
of the proximal extent of the basin, and throughout the distal part of the basin, and the 
thickness of the exposures of the facies varies greatly across the basin. The facies is 
thickest around the Moab area, between 0.75m and 3m within the logged section, and 
pinched out towards both the northeast and southwest of the basin. 
Interpretation: the calcareous nature of the deposits, as well as the fossiliferous content, 
which is occasionally flow aligned, suggests a reworked carbonate-rich source for the 
sediments that form the facies. Due to the fossil content, it is also possible that the 
calcareous nature is heightened due to the preferential deposition of carbonate cement 
due to the localised dissolution of the fossil content. The flow alignment of the fossiliferous 
content, and the presence of planar cross- lamination, indicates that the facies was 
deposited as part of a water-driven flow. Modern-day fluvial systems of the eastern Alps 
contain abundant reworked carbonate clasts and fragmented fossiliferous content 
(Amorosi & Zuffa 2011).  
Trough cross-bedded conglomerate facies – Crx 
Description: facies Crx (Figure 3.16) is composed of a matrix-supported conglomerate. 
The matrix comprises red to orange, coarse-grained sandstone, with occasional light to 
dark-grey, granule- to boulder-grade clasts. The facies is very poorly sorted, and the 
clasts are sub-rounded to rounded, with abraded edges and corners. The facies is clast-
rich throughout, but larger clasts occur at the top and lateral limits of the deposit.  
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The clasts are extraformational in nature suggesting that they were derived from the 
metamorphic basement exposed at the Uncompahgre Uplift, and are often imbricated. In 
outcrop, Crx is composed of conglomerate-grade trough cross-bedded material, bound by 
a restricted and channelised basal geometry. The facies predominately occurs throughout 
the proximal part of the basin, with some examples throughout the medial part of the 
basin. This facies is best preserved throughout the Gateway Lobes locality, most notably 
between 22.75m and 23.5m.  
Interpretation: the architecture of the facies indicates deposition from debris-rich water 
flows. The abraded nature of the clast-edges suggests a degree of intergranular collision 
during transportation, and the accumulation of larger clasts at the top and sides of the flow 
shows a degree of flow sorting. The confined nature of the deposits suggests that the 
sediments were transported within restricted channels. Rudaceous trough cross bedded 
fan deposits are observed in the Palaeoproterozoic Par Formation of the Gwalior Group, 
Central India (Chakraborty & Paul 2014).  
3.3.2 Debris-Flow Facies 
The facies attributed to debris-flows were deposited as a result of either mass wasting of 
the colluvial slope, or through bedrock destabilisation and subsequent transport. The 
facies are commonly located in proximity to exposed bedrock throughout the basin. Debris 
flow deposits form the main components of alluvial fan environments in the proximal 
basin.  
Matrix-supported conglomerate facies – Cms / Clast-supported conglomerate facies 
(secondary) – Csc 
Description: both facies Cms and Csc (Figure 3.17) comprise boulder- to pebble-grade 
clasts, supported within a fine- to coarse-grained, red to purple, sandstone matrix. The 
clasts comprise a combination of intraformational red to purple rip-up siliciclastic clasts, 
and light to dark-grey extraformational gneissic and schistose basement clasts. 
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Csc has the same characteristics as Cms, but lacks matrix. The clasts are commonly 
flow-aligned and show clear imbrication along the long-axis of the entrained clasts. The 
clast-rich strata sometimes exhibit parallel lamination, and occasional poorly developed 
cross-bedding. The bases of the beds are non-erosive, and deposition appears laterally 
continuous throughout the proximal extent of the Paradox Basin. Beds of facies Cms and 
Csc vary in thickness between approximately 0.5m and 3m. The facies are more common 
throughout the proximal and medial extents of the basin than elsewhere. The type locality 
for facies Cms occurs between 52.75m and 54m within the Gateway Lobes locality, 
whereas the type locality for facies Csc occurs between 4m and 9m within the Castro 
Draw log.  
Interpretation: facies Cms and Csc have been interpreted as the main depositional 
product of debris-driven flows. The sedimentation suggests a non-Newtonian 
transportation mechanism, where a degree of entrained water and gas amalgamated with 
the loose debris in the flow. The interpretation of a debris-driven flow is supported by both 
the clast-alignment and the matrix-supported nature of the deposits. The occasional lack 
of matrix support observed in Facies Csc indicates a removal of the matrix fines through 
secondary processes, for example, through secondary winnowing. Similar sedimentary 
architectures can be observed in modern alluvial fan environments, using ground 
penetrating radar. For example, similar facies have been observed in the alluvial fans of 
Cass, New Zealand (Starheim et al. 2013). 
Reversely graded conglomerate facies – Crg  
Description: facies Crg (Figure 3.18) is pale-red, deep-orange to light-grey. The clasts 
are pebble- to boulder-grade, and are either composed of rip-up clasts, originating from 
underlying siliciclastic beds, or extraformational clasts, derived from the metamorphic 
basement. The conglomerate is supported by a fine- to coarse-grained sandstone matrix. 
The deposits are very poorly sorted, with subangular to rounded clasts. The strata exhibit 
variable thicknesses, ranging from approximately 0.5m to 3m in outcrop.  
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The main sedimentary structure observed within the facies is a reverse grading of the 
clasts. The facies is present throughout the proximal and medial parts of the basin. Crg is 
rare and appears only sporadically in outcrop. The facies is present between 12m and 
16.5within the Gateway Lobes logged locality.  
Interpretation: facies Crg was deposited as a component of debris-driven flows. The flow 
regime within a debris flow commonly causes clast accumulation at the top and front of 
the flow, giving the deposits a reversely graded architecture. This facies is a result of in-
flow sorting, leading to this accumulation of clasts towards the front and top of the debris-
driven flow. Similar architectures have been identified in the gravel deposits of the 
Illgraben fan, Switzerland, through models developed from ground penetrating radar 
(Franke et al. 2015).  
Outwards coarsening facies – Coc 
Description: facies Coc (Figure 3.18) exhibits similar architectures to facies Crg. The 
facies comprises a matrix-supported conglomerate with pale-red, deep-orange and light-
grey, pebble- to boulder-grade clasts, which vary between sandstone-rich rip-up clasts 
and basement lithologies. The clasts are supported in an orange, red or pale-purple, fine- 
to coarse-grained sandstone matrix. The clasts are both intra- and extraformational, sub-
angular to rounded, and the deposits themselves are very poorly sorted, but coarsen 
laterally across the strata. Exposures of these deposits are rare, but they do occur 
sporadically throughout both proximal and medial localities within the basin. The observed 
type locality occurs at Castle Valley, between 12m and 16.5m. 
Interpretation: the facies is interpreted as having been deposited as part of a debris-
driven flow. As debris-driven flows are unconfined, the larger-grade clasts get deposited 
along the lower-energy edges of the flow. This results in the outwards coarsening 
geometry which grades from the finer grained centre of the deposits to the pebble- to 
boulder-grade clasts at the outer limits of the deposits.  
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Outwards coarsening conglomerates can also be observed in Pleistocene debris flows in 
the Santa Catalina Mountains in Arizona (Youberg et al. 2014).  
Clast-supported conglomerate facies – Ccs 
Description: the deposits of facies Ccs (Figure 3.19) incorporate grey- to light-brown 
boulder-grade clasts supported with an infrequent coarse- to very-coarse-grained matrix. 
The clasts range in size from approximately 0.1m to 5m, and are predominately 
extraformational, and sourced from the metamorphic basement. The clasts are sub-
angular to rounded, and the deposits are very poorly sorted, with no apparent grading. 
The deposits are limited in extent to the most proximal division of the proximal extent of 
the basin. Facies Ccs is most notable within the Gateway Lobes locality, between 62.75m 
and 63.25m. 
Interpretation: facies Ccs was deposited as a result of the denudation and destabilisation 
of exposed bedrock along the front of the Uncompahgre Uplift. The lack of clear structure 
within the facies shows a degree of immaturity of the deposits, which indicates a lack of 
transportation. Similar clast supported conglomerate facies occur in the proximal extent of 
the Malser Haide and Val Venosta fan cluster in Italy (Jarman et al. 2011).  
Normally graded, matrix supported conglomerate facies – Cps 
Description: facies Cps (Figure 3.20) is predominately light-grey in colour. It comprises 
cobble- to boulder-grade extraformational clasts supported in an occasional shattered 
matrix. Despite this, the deposits are mainly clast-supported. The clasts range from 
approximately 0.01m to 2m in diameter, and are sourced from the metamorphic 
basement. The clasts are angular to sub-rounded, and the deposits appear poorly-sorted, 
with slight normal grading. The clasts within the conglomerate are occasionally aligned 
along the long-axis. Facies Cps occurs in proximity to the Permian location of the 
Uncompahgre Uplift, within the proximal-most part of the Paradox Basin, for example 
between 20.75m and 21.25m within the Castro Draw logged locality.  
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Interpretation: facies Cps was deposited as a result of mass bedrock failure, caused by 
the extensive faulting and fracturing of bedrock. Mass bedrock failure is caused by the 
surface denudation of exposed bedrock, and therefore occurs in proximity to palaeohighs 
within the proximal part of the basin. Clast orientation indicates a degree of transportation, 
but the texture of the deposits suggests that the facies is still relatively immature. Normally 
graded matrix-supported conglomerates can be observed along the basin-edge margins 
of the Kӧfels alluvial fan, Italy (Jarman et al. 2011).   
Extraformational reversely graded conglomerate facies – Cbc 
Description: these deposits (Figure 3.21) comprise light-grey to dark-grey clasts in a red 
to brown matrix. The clasts are cobble- to boulder-grade and are supported in a variable, 
matrix which grades from granule-grade to sandstone-grade deposits. The clasts are 
predominately extraformational, and derived from the metamorphic basement, but 
intraformational sandstone derived rip-up clasts are also occasionally present. The clasts 
range in size from approximately 0.01m to 1.5m, and are subangular to subrounded. The 
facies lacks internal sedimentary architecture as a whole, but the deposits are commonly 
reversely graded and exhibit poor sorting. The facies is solely present in the most-
proximal part of the basin only, for example, between 9m and 17.25m within the Castro 
Draw locality.  
Interpretation: facies Cbc was deposited as a result of both bedrock and colluvial slope 
failure. This failure occurred as a result of the destabilisation of exposed brecciated 
bedrock. The deposits were transported through intergranular collision within a debris 
flow. Recent alluvial fan-related extraformational reversely graded conglomerates can be 
observed in the Plawenn Valley, Italy (Jarmen et al. 2011).  
Chapter Three: Facies of the Cutler Group Alluvial Fans 
 
 
91 
 
F
ig
u
re
 3
.2
1
. 
E
x
tr
a
fo
rm
a
ti
o
n
a
l,
 r
e
v
e
rs
e
ly
 g
ra
d
e
d
 c
o
n
g
lo
m
e
ra
te
 f
a
c
ie
s
 (
C
b
c
);
 e
x
a
m
p
le
s
, 
fa
c
ie
s
 d
e
s
c
ri
p
ti
o
n
 a
n
d
 i
n
te
rp
re
ta
ti
o
n
. 
T
y
p
e
 l
o
c
a
lit
y
 –
 C
a
s
tr
o
 D
ra
w
 
(U
T
M
 1
2
S
 6
8
0
7
7
2
 4
2
8
7
6
5
).
  
Chapter Three: Facies of the Cutler Group Alluvial Fans 
 
 
92 
 
3.3.3 Windblown Facies 
Windblown processes accumulate abundant sediments in arid continental basins. The 
related facies are easily distinguishable from the deposits of surrounding processes due to 
the nature of traction-controlled transportation, accumulation and deposition. The 
presence of grainflow and grainfall laminae, ballistic ripples, and adhesion ripples are 
representative of windblown deposition.  
Well sorted cross-bedded sandstone facies – Sws 
Description: facies Sws (Figure 3.22) comprises yellow- to white-coloured, very-fine- to 
medium-grained sandstone. The deposits are very well-sorted, and the grains are very 
well-rounded. The sedimentary structure of the facies predominately comprises 
asymptotic cross-bedded sets which range from approximately 0.2m – 1m in thickness. 
The cross bedded sets commonly contain distinguishable bands of slightly finer and 
slightly coarser-grained sandstone. In addition to this, there is the occurrence of ballistic 
ripples, represented by a pinstriped architecture at the upper-limits of the sets. Facies 
Sws is present throughout the medial and distal parts of the basin, the most notable 
occurrence of which occurs between 48.75m and 53.5m within the Potash Boat Ramp log.  
Interpretation: the facies was deposited as a result of aeolian wind-blown transportation 
processes. Aeolian environments are most common in the distal Paradox Basin, and are a 
frequent component of depositional environments in the distal part of the fan. Aeolian 
systems also developed in the shadow of salt walls in the Salt-Mini-Basin Province. 
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The bands of coarser grained sandstone within the cross bed sets are indicative of 
individual grainflow deposits, commonly initiated through the process of small-scale 
avalanches. The grainflow bands are separated by grainfall sediments which were 
deposited between these avalanche events. The aeolian nature of the deposits is 
supported by the presence of ballistic ripples, which form through the wind sorting of 
sand-grade sediments. Ballistic ripples are a structure that is closely associated with 
windblown environments. Cross-bedded structures can be observed in radar 
reconstructions of the wind-controlled lacustrine shore of Lake Huran, Ontario (Eyles & 
Meulendyk 2012).  
Pinstriped, planar-laminated facies – Sps 
Description: facies Sps (Figure 3.23) is orange to white in colour, and comprises very 
fine- to medium-grained sandstone. The grains are very well-rounded and exhibit good 
sorting. The strata are parallel laminated, with an occasional ‘pinstriped’ architecture 
separating the fine- and medium-grained clast sizes. The bed range in thickness from 
approximately 0.5m to 3m. The facies occurs extensively within the distal part of the 
basin, but also occurs sporadically within the medial part of the basin. The most notable 
occurrence of this facies occurs between 93.5m and 96m within the Gibson Dome log.  
Interpretation: the facies was deposited as wide-spread, flat-lying, wind-blown sediment. 
Facies accumulations occurred where the sediment supply was not sufficient to facilitate 
dune formation. The pinstriped architecture, formed by the migration of ballistic ripples, is 
indicative of wind-blown aeolian deposition. Similar internally laminated architecture has 
been identified in the continental Late Pliocene Teruel Basin dune field, Spain (Rodriguez-
Lopez et al. 2012).  
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Thin, pinstriped sandstone facies – Spt  
Description: The deposits (Figure 3.24) are dark-brown to orange and comprise very-
fine- to- medium-grained sandstone. The grains are very well-rounded, and are sorted into 
influxes of coarser grainflow and relatively finer grained, grainfall deposits. The beds 
exhibit evidence of pinstriped lamination, occasionally along shallowly dipping strata. The 
beds of facies Spt range in height from approximately 0.2m to 0.5m. The facies is 
distinguishable from facies Sps (section 3.9.2) in terms of colour, height of the strata, and 
the presence of grainfall and grainflow deposits. The deposits occur throughout the medial 
and distal extents basin. The type locality for facies Spt occurs between 97.25m and 
99.5m within the Shafer Trail log locality.  
Interpretation: facies Spt was deposited as a result of wind-blown sediments being 
transported over a flat-lying plain. This interpretation is supported by the influx of grainflow 
and grainfall sediments from surrounding dune forms. As windblown processes transport 
sediments across the low-lying environment, ballistic ripples are formed on the surface. 
This leads to the distinctive pinstriped texture of the facies. Similar facies have been 
identified in early Triassic erg edge deposits around the Iberian Chain, NE Spain (Soria et 
al. 2011).  
Adhesion ripple sandstone facies – Sar 
Description: facies Sar (Figure 3.25) is dark-brown to red and comprises fine- to 
medium-grained sandstone. Accumulations of granule-grade clasts occur towards the 
base of the facies. The internal architecture of the facies is predominately parallel 
laminated, with occasional adhesion ripples and desiccation cracks which occur towards 
the top of the facies. There is sporadic evidence of fossilised flora throughout the facies, 
including fossilised plant remains and rhizolith-rich horizons. This facies is most notably 
observed in the Shafer Trail locality, between 41.5m and 42m.  
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Interpretation: Sar is interpreted as having been deposited onto damp sediment within a 
wind-blown process-dominated environment. The granule-grade clasts, which occur at the 
base of the strata, were deposited as a result of a relatively high flow regime fluid-influx 
across a flat lying, damp plain. Vegetation accumulated throughout this environment, 
leading to the presence of plant remains and rhizoliths. The presence of desiccation 
cracks on bed tops suggests that the sediments periodically dried upwards. Adhesion 
ripples are formed when dry sand is blown across damp sediment. Adhesion rippled 
sandstone has also been identified in the Late Pliocene dune field of the Teruel Basin, 
Spain (Rodriguez-Lopez et al. 2012).  
3.3.4 Additional Distal Facies 
The depositional environments of arid continental basins are highly variable. In addition to 
water-flows, debris-flows, and wind-driven processes, facies formed from gravitational 
settling, depositional quiescence, and surface stabilisation commonly occur. Carbonate 
deposits are also abundant indicating the presence of persistent bodies of water.  
Sparse biomicrite facies – Lsb 
Description: facies Lsb (Figure 3.26) is light-grey in colour. The facies is highly 
fossiliferous (around forty percent of the overall facies), and is supported by a micritic 
matrix. The fossils are relatively unfragmented and are predominately crinoids, 
brachiopods, and unidentifiable bioclasts. The top of the limestone beds are commonly 
highly bioturbated, and an abundance of rhizoliths can be observed. The first geographical 
appearance of facies Lsb is observed in the Onion Creek log section (Figure 3.1) and it is 
exposed in the logged sections almost continuously from this locality throughout the 
medial part of the basin and into the distal part of the basin. Lsb most notably occurs 
between 9.5m and 10m within the Potash River log.  
Chapter Three: Facies of the Cutler Group Alluvial Fans 
 
 
100 
 
F
ig
u
re
 3
.2
6
.S
p
a
rs
e
 b
io
m
ic
ri
te
 f
a
c
ie
s
 (
L
s
b
);
 e
x
a
m
p
le
s
, 
fa
c
ie
s
 d
e
s
c
ri
p
ti
o
n
 a
n
d
 i
n
te
rp
re
ta
ti
o
n
. 
T
y
p
e
 l
o
c
a
lit
y
 –
 P
o
ta
s
h
 R
iv
e
r 
(U
T
M
 1
2
S
 6
1
7
0
8
8
 4
2
6
2
8
7
).
 
Chapter Three: Facies of the Cutler Group Alluvial Fans 
 
 
101 
 
Interpretation: the facies is indicative of deposition in shallow and calm water. The 
calm nature of the water would have supported the development of an organism-
rich environment. This is supported by the unfragmented nature of the fossiliferous 
content. The sea-level receded throughout deposition, which allowed for the 
development of vegetation within the system, as indicated by the rooted top 
horizons. The extent of the facies, from the distal salt mini-basin province and 
throughout the distal part of the basin, gives some indication of the extent of these 
shallow water bodies.  Similar facies assemblages have been described from the 
base of the Silurian-aged Jatak Formation, Uzbekistan (McCann et al. 2013).  
Fossiliferous biomicrite facies – Lfb 
Description: facies Lfb (Figure 3.27) is light-grey in colour, with red to brown 
allochem-rich patches supported within a highly micritic matrix. The allochems 
appear to be sourced from the surrounding clastic strata, and vary in size from 
approximately 0.1cm to 1cm. The facies is relatively unfossiliferous, but the limited 
fossil content comprises large and unfragmented unidentified brachiopods that are 
elongate in nature. The brachiopods measure between 5cm and 10cm. The facies is 
relatively thin, displaying thicknesses that vary between approximately 5cm and 
30cm, but is very laterally extensive throughout the basin. The facies is present 
within most of the medial and distal parts of the basin. Facies Lfb is best observed 
within the Potash Boat Ramp locality, between 11m and 12m.  
Interpretation: the facies is interpreted as having been deposited in a shallow 
marine littoral environment. The occasional clastic content indicates periods when 
there was a higher degree of siliciclastic material influxing from proximal terrestrial 
environments. The increase in this clastic influx into the system may explain the lack 
of fossiliferous content within the facies. The extent of the facies suggests that there 
may have been large-scale, shallow water incursions into the basin.  
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Cretaceous-aged fossiliferous biomicrite has been described from well-data from 
the North Western Desert, Egypt (Kassab et al. 2013).  
Poorly washed sparite facies – Lpw 
Description: facies Lpw (Figure 3.28) is light- to dark-grey in colour, with 
occasional light-green, relatively more clastic lenses. The facies comprises 
approximately forty percent micritic matrix, and sixty percent sparitic matrix, with 
sparse angular intraclasts of chert and intermittent clastic clasts. There is a 
distinctive lack of fossiliferous content throughout the facies, but rare fragmented 
brachiopods can be identified within the facies. The deposits occur throughout both 
the distal-most proximal, medial and distal sections of the basin, and the deposits 
are laterally extensive and continuous. The facies is best exposed within the Potash 
Boat Ramp locality, between 53.5m and 56m.  
Interpretation: the facies is interpreted as having been deposited in a shallow 
water environment. Similarly to facies Lfb (section 3.10.2), there is evidence of 
increased clastic content influxing into the depositional environment, indicating a 
strong influence from surrounding terrestrial environments, but the presence of both 
a sparite-rich matrix and the lack of micritic content suggests that there was limited 
tidal flow at the time of deposition which caused the limestones to be ‘washed’. The 
carbonates have been interpreted as marine in origin due to the lateral continuity of 
the deposits throughout the basin, in comparison to the more constrained deposits 
you would expect from a lacustrine environment. This is supported by the presence 
of rare marine fauna.  
The tidal flow would have led to the winnowing of the carbonate deposits, allowing 
for the creation of pore space in which the diagenetic sparite could form. These 
deposits are similar to the sparites described from the Upper Ordovician Jifarah 
Formation of northwest Libya (Buttler et al. 2007).  
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Micrite facies – Lmi 
Description: the deposits of facies Lmi (Figure 3.29) are dark-grey in colour. The facies 
is distinguishable due to a complete lack of both intraclasts and bioclasts, and is formed 
almost exclusively of micrite. The facies weathers in a distinctive undulose manner. The 
deposits occur over the majority of the distal salt mini-basin province, and in the medial 
and distal portions of the basin. It is best observed between 1.25m and 1.75m within the 
Gooseneck locality.  
Interpretation: facies Lmi shows indications of having been deposited in a relatively calm 
shallow marine environment, with a near-by source of clastic material. Similar facies are 
observed in proximity to fringing reefs around South East Asia (Madden et al. 2013).  
Calcrete facies – Pcf 
Description: the deposits of facies Pcf (Figure 3.30) are dark-brown, with an abundance 
of light-blue to light-green lenses. The deposits are mud- to- silt-grade. The most 
prominent internal architecture is an abundance of rhizoliths, which occur throughout the 
thickness of the beds. The beds never exceed 10cm in thickness, and are commonly 
highly nodular in appearance. The facies occurs sporadically in all localities throughout 
the basin. Facies Pcf most notably occurs between the thicknesses of 24.5m and 25.5m in 
the Kane Creek locality.  
Interpretation: the facies is indicative of poorly-developed palaeosols. The rhizolith-rich 
horizons represent periods of surface stabilisation. The light-coloured lenses, which occur 
throughout the deposit, have been interpreted as resulting from a secondary alteration of 
the deposits. Pleistocene-aged calcretes are described in the Wadi Sabra, Jordan, and 
have been attributed to surface stabilisation (Bertrams et al. 2012).  
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Parallel-bedded sandstone facies – Spb 
Description: the deposits of facies Spb (Figure 3.31) are dark- to- light-brown in colour, 
and consist of medium- to coarse-grained sandstone. The deposits are well-sorted and 
appear normally graded. The predominant internal architecture is parallel bedding. The 
deposits are laterally discontinuous at outcrop scale and pinch-out laterally into finer-
grained deposits. The facies occurs throughout the medial and distal parts of the basin. 
The type locality for facies Spb occurs between 80.5m and 82.25m within the log from the 
Shafer Trail locality.  
Interpretation: the facies has been interpreted as having been deposited due to the 
gravitational settling of sediment through a water body. This is interpreted due to the 
overall restricted nature of the parallel-bedded sets. The parallel-bedded nature of the 
deposits indicates a calm depositional setting. The extent of the deposits at outcrop scale 
indicates that the water body was relatively small-scale. Similar parallel-bedded Late 
Eocene strata from the Bohai Bay Basin, Eastern China have been described (Feng et al. 
2013).  
3.4 Summary 
The deposits within the Paradox Basin, Utah, U.S.A range from the Carboniferous Period 
to the Cretaceous Period, and are well-exposed in outcrop. This research focuses upon 
the sediments of the Permian Cutler Group, which were deposited during an arid to semi-
arid climate within the intra-continental Paradox Basin. The proximal Cutler Group 
sediments, that fringe the Uncompahgre Uplift, are not lithostratigraphically subdivided 
below group level. The deposits that occur within the distal basin have been subdivided to 
formation level due to the more recognisable response of the depositional environments to 
climatic variations. The areas studied form a transect from the proximal extent of the 
basin, near Gateway, Colorado, to the distal part of the basin, near Canyonlands National 
Park, Utah.  
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Twenty-eight individual facies have been identified within the proximal to medial Cutler 
Group, taking into account both lithology and sedimentary architectures (Figure 3.8 – 
3.31). The facies have been grouped to relate to their dominant depositional process. Ten 
of these facies have indications of being deposited as a component of water-flows, either 
within confined architectures (Spx, Stx, Spl, Cif, Cef, Slc, Crx, Sfpl) or as unrestricted 
flows (Sng, Cmp, Sfpl). The confined water flows occur more frequently towards the 
distal basin, as the channels became better established within the system. The 
unrestricted flows are more common in the proximal basin, close to the Uncompahgre 
Uplift. A further seven facies were deposited by debris flow processes, either as a result of 
sediment destabilisation (Ccs, Cps, Cbc) or through more consolidated flows (Cms, Csc, 
Crg, Coc). The facies derived from sediment destabilisation are most common in 
proximity to the Uncompahgre Uplift, whereas the more consolidated flows extend through 
the medial part of the basin, and occasionally into the distal portion of the basin.  
In addition to water- and debris-flows, wind-blown processes also lead to facies deposition 
throughout the Cutler Group, these processes prompted deposition both within dune 
forms (Sws), and over flat-lying basinal floors (Sps, Spt, Sar). Wind-blown processes 
occurred sporadically within the medial part of the basin, more specifically within the Salt-
Mini-Basin Province. The resultant facies become even better established within the distal 
part of the basin.  
As well as the sub-aerial processes of deposition, sub-aqueous mechanisms also lead to 
facies formation within the Cutler Group. Calcareous sub-marine deposition is common in 
the medial and distal parts of the basin (Lsb, Lfb, Lpw, Lmi). There are also indications 
of deposition in shallow, still-standing, bodies of water (Spb). These bodies of water occur 
over the fan surface, but are better established within the distal portion of the basin. 
Periods of depositional quiescence are represented by palaeosol development (Pcf). 
Palaeosols can be recognised throughout the basin.  
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Chapter Four will draw upon the observed facies in order to recognise facies associations, 
architectural elements and depositional models within the undivided parts of Cutler Group 
sediments.  
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In this chapter, the individual facies described in Chapter Three are grouped together to 
form facies associations that relate to specific depositional environments based on the 
depositional processes inferred from the facies outlined in the preceding chapter (Table 
4.1). The facies associations are then grouped together to describe the three-dimensional 
relationships between the identified environments. These environments are then 
described in terms of the complete architectural structure of the alluvial fan elements. The 
main environments of deposition observed within the lithostratigraphically undivided Cutler 
Group are: alluvial; fluvial; and aeolian. Less frequently occurring environments include: 
palaeosols; lacustrine; and shallow marine settings. The palaeosol, lacustrine and shallow 
marine environments are most evident in exposures within the distal parts of the alluvial 
fan system.  
Alluvial fans generally comprise three significant geomorphological divisions (Blair & 
McPherson 1994): the proximal fan head; the medial fan; and the distal fan base. The 
proximal alluvial fan head of the Cutler Group, Undivided is exposed around the Castro 
Draw, Gateway Lobes and John Brown Canyon localities, near the town of Gateway, 
Colorado. The medial alluvial fan is exposed in eastern Utah around the Fisher Towers, 
Onion Creek and Castle Valley areas. The distal alluvial fan is also exposed in eastern 
Utah, in areas close to the town of Moab (Figure 3.7).  
The predominately more debris-driven derived facies associations occur in the proximal 
extent of the alluvial fan. The depositional systems grade into relatively more water-driven 
environments throughout the medial extent of the fan, whereas secondary aeolian, 
lacustrine and shallow marine environments begin to dominate over the distal extent of 
the fan, and within the distal part of the basin.  
CHAPTER FOUR: 
Facies Associations, Architectural Elements, and Facies Models  
Chapter Four: Facies Associations, Architectural Elements, and Facies Models 
 
 
113 
 
Facies models, based on the interpreted facies assemblages, have been constructed for 
each of these divisions of the alluvial fan. The deposits of the zone of interaction, 
informally termed the ‘Arkosic Facies’, occurs between the deposits of the Cutler Group, 
Undivided, and the deposits of the sub-divided depositional packages that occur in the 
distal extent of the basin. These divisions are: the Lower Cutler Beds; Cedar Mesa 
Sandstone; Organ Rock Formation; and, White Rim Sandstone. The zone of interaction is 
described in chapter five.  
 
 
 
Facies Code 
 
Facies 
 
Additional Description 
 
Interpretation 
 
Sfpl 
 
Parallel-laminated, 
fine-grained sandstone 
 
Well-sorted, occasional 
rhizoliths, rain pits, trace 
fossils and soft-sediment 
deformation.  
 
Waning water flow. 
    
 
Spx 
 
Planar cross-bedded 
sandstone 
 
Fine- to very-coarse grained. 
Coarser basal clasts. 
 
Low energy water-flow. 
    
 
Stx 
 
Trough cross-bedded 
sandstone 
 
Fine- to very-coarse grained. 
Occasional rip-up clasts. 
 
Deposition in the lower 
flow regime. 
    
 
Spl 
 
Parallel-laminated 
sandstone 
 
Fine- to coarse grained. 
Occasional asymmetrical 
ripples. 
 
Deposition in the upper 
flow regime.  
    
 
Cif 
 
Intraformational 
conglomerate 
 
Granule- to boulder-grade 
clasts. Normally graded. 
 
Low energy water-flow. 
    
 
Cef 
 
Extraformational 
conglomerate 
 
Granule- to boulder-grade 
clasts. Normally graded.  
 
Low energy water-flow. 
    
 
Sng 
 
Normally graded 
conglomerate to 
sandstone 
 
Granule- to pebble-grade 
clasts that fine to medium- to 
fine-grained sandstone in a 
single bed.  
 
Represents catastrophic 
unconfined water-flows. 
    
 
Cmp 
 
Poorly sorted matrix-
supported 
conglomerate 
 
Granule- to cobble-grade 
clasts. Poorly sorted and 
ungraded.  
 
Rapid loss of energy in 
a water-rich flow.  
   
 
 
 
Table 4.1. Summation of the facies described in Chapter Three. 
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Slc 
 
Calcarenite 
 
Fine- to medium-grained 
calcareous sandstone. 
Occasional reworked fossils 
 
Suggests fluvial 
reworking of carbonate-
rich lithologies.  
    
 
Crx 
 
Trough cross-bedded 
sandstone 
 
Boulder-grade clasts in a 
coarse-grained matrix. Clasts 
are occasionally imbricated.  
 
Deposition in a debris-
rich water flow.  
    
 
Cms 
 
Matrix-supported 
conglomerate 
 
Boulder- to pebble-grade 
clasts. Occasional 
imbrication, parallel 
laminations and poorly 
developed cross-bedding. 
 
Deposition in a debris 
flow. 
    
 
Crg 
 
Reversely graded 
conglomerate 
 
Pebble- to boulder-grade 
clasts. Reversely graded.  
 
Deposition in a debris-
flow. 
    
 
Coc 
 
Outwards coarsening 
conglomerate 
 
Boulder-grade clasts. 
Coarsens outwards from the 
centre of the facies. 
 
Deposition as debris-
flow levees.  
    
 
Ccs 
 
Clast-supported 
conglomerate 
 
Boulder-grade clasts. Very 
rare amounts of matrix.  
 
 
Results from failure of 
denudated bedrock.  
    
 
Cps 
 
Normally graded, 
matrix-supported 
conglomerate 
 
Cobble- to boulder-grade 
clasts. Normally graded. 
Some clast imbrication. 
 
Mass wasting of 
accumulated colluvium.  
    
 
Cbc 
 
Extraformational 
reversely graded 
conglomerate 
 
Cobble- to boulder-grade. 
Reversely graded.  
 
Transported as an 
intergranular debris 
flow. 
    
 
Sws 
 
Well-sorted cross-
bedded sandstone 
 
Very-fine- to medium-
grained. Bands of coarser 
and finer-clasts throughout 
the facies. Pinstriped 
architecture.  
 
Wind-blown processes.  
    
 
Sps 
 
Pinstriped, planar-
laminated sandstone 
 
Very-fine- to medium-
grained. Presence of ballistic 
ripples.  
 
Wide-spread, flat-lying 
wind-blown 
environment.  
    
 
Spt 
 
Thin, pinstriped 
sandstone 
 
Very-fine to medium-grained. 
Facies is relatively thin. 
Exhibits pinstriped 
laminations. 
 
Wind-blown sediments 
transported over a 
small-scale flat-lying 
plain. 
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Sar 
 
Adhesion rippled 
sandstone 
 
Fine- to medium-grained with 
some granule-grade clasts. 
Occasional parallel 
laminations, adhesion 
ripples, desiccation cracks 
and rhizoliths.  
 
 
Wind-blown 
environment deposited 
onto damp sediment. 
    
 
Lsb 
 
Sparse biomicrite 
 
Highly fossiliferous with a 
micritic matrix. Fossils 
comprise crinoids, 
brachiopods and bivavles 
with occasional rhizoliths. 
 
Deposition in shallow 
and calm water. 
    
 
Lfb 
 
Fossiliferous biomicrite 
 
Unfossiliferous, allochem-rich 
biomicrite. Contains 
unfragmented large 
brachiopods.  
 
Shallow marine littoral 
environment.  
    
 
Lpw 
 
Poorly washed sparite 
 
Unfossiliferous, intraclast rich 
sparite.  
 
Tidally-driven shallow 
marine environment. 
    
 
Lmi 
 
Micrite facies 
 
Mud-rich with a lack of both 
intra- and bioclasts. 
 
Relatively calm shallow 
marine environment. 
    
 
Pcf 
 
Calcrete 
 
Mud- to silt-grade. 
Abundance of rhizoliths. 
 
Indicative of poorly-
developed palaeosols. 
    
 
Spb 
 
Parallel-bedded 
sandstone 
 
Medium- to coarse-grained. 
Well sorted and normally 
graded. Clearly defined 
parallel beds. 
 
Deposited by 
gravitational settling 
through a standing 
water body. 
 
4.1 Alluvial fan facies associations 
The alluvial fan facies associations are predominately observed adjacent to the 
Uncompahgre Uplift, and have been interpreted as having been deposited through both 
bedrock and colluvial slope failure. The remobilised detritus was sourced from the 
elevated high of the Uncompahgre Plateau and deposited to form a conical, plano-convex 
sediment mass on the floor of the Paradox Basin. Remobilisation is evidenced by the 
abundance of extraformational basement clasts that occur throughout the deposits. The 
sediments were often reworked and re-deposited throughout the rest of the alluvial fan by 
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both debris-driven and water-driven transport mechanisms. Facies codes are outlined in 
Table 4.1. The type localities addressed are annotated on the logs displayed in Appendix 
A. 
4.1.1 Detrital accumulation association – DA  
Description: the detrital accumulation association comprises facies Ccs, Cps and Cbc 
(Figure 4.1). No predictable depositional pattern has been identified between the facies. 
The deposits of facies Cps and Cbc are generally thicker than the deposits of facies Ccs. 
The deposits occur within the piedmont zone of the most proximal part of the basin, 
directly adjacent to the Uncompahgre Plateau. Association DA is limited exclusively to the 
exposures at the Castro Draw locality in Gateway, Colorado. This facies association can 
be best observed between 3.5m and 17m within the Castro Draw log.  
Interpretation: the individual facies occur intermittently, depending upon varying factors 
including: 1) continued, yet episodic, uplift of the Uncompahgre Plateau; 2) the amount of 
loose sediment accumulated on the mountainous front; and, 3) the climate at the time of 
deposition. Deposition was predominately initiated through the mass-wasting of bedrock, 
or through the destabilisation of colluvium accumulated on the mountain front. Facies 
association DA is representative of the most proximal component of alluvial fan 
deposition. The deposits are restricted to the Castro Draw locality near Gateway, 
Colorado, indicating that the depositional processes of bedrock failure, rock slide and 
avalanches have a limited capacity for transport beyond the alluvial fan apex.  
4.1.2 Point-sourced debris flow association – PD  
Description: the point-sourced debris flow association (PD) comprises facies Cms, Crg 
and Coc, with the occasional occurrence of facies Csc (Figure 4.1). The main body of the 
association is formed from facies Cms, which makes up around ninety percent of the 
overall association. Facies Crg most often overlies facies Cms wherever it is observed 
and comprises around five percent of the association.  
Chapter Four: Facies Associations, Architectural Elements, and Facies Models 
 
 
117 
 
 
F
ig
u
re
 4
.1
. 
F
a
c
ie
s
 a
s
s
o
c
ia
ti
o
n
s
 o
b
s
e
rv
e
d
 t
h
ro
u
g
h
o
u
t 
th
e
 C
u
tl
e
r 
G
ro
u
p
, 
U
n
d
iv
id
e
d
, 
in
c
lu
d
in
g
 a
s
s
o
c
ia
ti
o
n
s
 p
e
rt
a
in
in
g
 t
o
 d
e
b
ri
s
-d
ri
v
e
n
 f
lo
w
s
, 
w
a
te
r-
d
ri
v
e
n
 
fl
o
w
s
, 
w
in
d
-b
lo
w
n
 t
ra
n
s
p
o
rt
 i
n
 a
d
d
it
io
n
 t
o
 o
th
e
r 
b
a
s
in
a
l 
p
ro
c
e
s
s
e
s
. 
 
Chapter Four: Facies Associations, Architectural Elements, and Facies Models 
 
 
118 
 
Facies Coc tends to occur laterally juxtaposed against the main body of the association. 
Again, this facies forms only around five percent of the overall association. Facies Csc is 
occasionally observed in place of facies Cms. If both facies Cms and Csc are present, 
then facies Csc always overlies facies Cms. Association PD most commonly occurs in the 
proximal part of the basin, but also occurs more distally throughout the main body of the 
fan system. Exposures of the association decrease in frequency throughout the Salt Mini 
Basin Province. The maximum exposure is seen between 19m and 22.5m within the 
Gateway log.  
Interpretation: the predominant facies (Facies Cms) within the point-sourced debris flow 
association (PD) is a matrix supported, reversely graded conglomerate. The association 
lacks internal architecture, with the exception of occasional crude cross bedding. These 
sediments have been interpreted as having been deposited from laminar debris flows. 
Despite the laminar nature of debris flows, slight turbulence leads to an accumulation of 
coarser-grade deposits at the front and sides of the main body of the flow. The 
accumulation of clasts at the front of the flow represents the debris flow snout (Crg), and 
the increased clast-size towards the edges of the flow represents debris flow levées 
(Coc). Secondary water- or wind-driven processes occur over the fan surface. These 
commonly interact with pre-existing debris flow deposits, resulting in the winnowing out of 
the finer grained matrix. This leads to a superimposed, clast-supported architecture 
(Facies Csc). The winnowing process only occurs on the exposed surfaces of the flow.   
4.1.3 Confined debris-rich water-flow association – CD  
Description: facies association CD mainly comprises facies Crx, Crg and Coc, with the 
occasional occurrence of facies Csc (Figure 4.1). Facies Crx forms the central part of the 
association at outcrop scale, and makes up approximately ninety percent of the 
association. Within facies association CD, facies Coc (approximately five percent) borders 
the edge of facies Crx, forming a contemporaneous spatial relationship. The deposits 
grade upwards into facies Crg which comprises approximately five percent of the 
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association. The upper-most portion of the association gradationally transitions into facies 
Csc. Association CD is exposed throughout the proximal-most part of the Paradox Basin, 
and occasionally within the more distal Salt Mini Basin Province. Facies association CD is 
best preserved in John Brown Canyon, between 4.5m and 5.5m.  
Interpretation: confined debris-rich flows were initiated and transported in a similar 
fashion to association PD. When fluvial systems dominated the fan, the surface became 
channelised, and subsequent debris-rich water flows utilised these pre-existing fan 
surface channels during deposition. This confinement, in addition to the elevated water 
content in the flow, leads to an increase in preserved internal architecture, for example, 
the deposits are often trough cross-bedded (Facies Crx). The depositional mechanism 
was comparable to the transport processes that led to the deposition of Association PD. 
The development of flow fronts and levees explains the presence of facies Crg and Coc 
at the front and sides of the flow respectively. Secondary winnowing through wind- or 
water-driven processes resulted in the development of facies Cms.  
4.1.4 Unconstricted water flow association – UF  
Description: association UF comprises facies Sng, Spx and Sfpl (Figure 4.1). 
Approximately eighty percent of the association is formed from facies Sng, which is 
directly overlain by facies Spx, which itself constitutes around fifteen percent of the 
association. Facies Sfpl occasionally overlies both Sng and Spx, and makes up 
approximately five percent of the overall association. Facies association UF occurs 
throughout the most proximal part of the basin, within the Gateway area (between 67m 
and 69m), and is rarely recorded elsewhere in the Paradox Basin. 
Interpretation: the water flows that led to the deposition of the facies association 
transported sediment in an unconstricted and multidirectional manner, leading to the 
propagation of flows over the entirety of the fan surface. These flows occurred where 
localised water input, sourced from increased meteoric water influx along the mountain 
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front, outpaced feeder channel capacity. Facies Sng represents the main depositional 
event of the association, which is typical of a coarse-grained waning water flow. As the 
flow began to wane facies Spx was deposited. The main sedimentary architectures of the 
association are small-scale, cross-bedded sets. Facies Sfpl, was deposited towards the 
top of the association and represents the cessation of the flow, which led to stagnant 
water conditions existing over the fan surface. 
4.1.5 Water-rich flow association – FR  
Description: facies association FR comprises facies Cmp, which directly overlies the 
permeable deposits of facies Csc, Ccs and Cps (Figure 4.1). The association usually 
comprises up to approximately ninety five percent of facies Cmp, with the overlying facies 
Csc, Ccs or Cps forming five percent of the overall association. Deposition of FR 
occurred throughout the proximal-most part of the Paradox Basin, for example between 
15m and 19m within the Castro Draw locality.  
Interpretation: deposition of association FR occurred when water-laden flows travelled 
over highly porous debris-rich deposits. The porous nature of the underlying deposits 
allowed for the water content of the flow to infiltrate downwards, which resulted in rapid 
deposition of facies Cmp. The facies comprises a very poorly-sorted, matrix-supported 
conglomerate. Due to the nature of deposition, Cmp commonly overlies facies Csc, Ccs 
and Cps, all of which have a relatively permeable nature. The water within the flow 
percolated downwards into the underlying lithologies which resulted in an increase in a 
fine-grained matrix throughout the otherwise highly permeable underlying facies. This can 
be observed through the preservation of geopetal structures caused by this sediment 
infiltration.  
4.2 Fluvial facies associations 
The fluvial facies recognised within the alluvial fan system were deposited from either 
channel-confined or unrestricted water flows that propagated over the basinal floor.  
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Facies codes are outlined in Table 4.1. The type localities addressed are annotated on the 
logs displayed in Appendix A. 
4.2.1 Confined water flow association – CF  
Description: facies association CF comprises facies Cif, Cef, Stx, Spl, Sfpl, and Slc 
(Figure 4.1). Facies Cif and Cef form the basal ten percent of the facies association, and 
occur interchangeably throughout the basin. The main body of the association is formed 
from facies Stx (sixty percent), facies Spl (twenty percent), and facies Sfpl (ten percent). 
Facies Spx intermittently borders the main body of the association. The facies association 
is best preserved at the Castle Valley locality, between 91m and 93.5m.  
Interpretation: basal occurrences of facies Cif indicates that the system sourced 
intraformational clasts from recently deposited, but already lithified, sand bodies. In more 
proximal settings, where basement exposure was present, facies Cef dominates, and 
contains clasts predominately comprised of denudated basement rocks. It is common for 
facies Stx to occur overlying the basal lag conglomerates. This indicates a marked 
decrease in energy from the deposition of facies Cif and facies Cef. Facies Stx is overlain 
by facies Spl, which exhibits frequent ripple-laminations, and represents deposition within 
the lower flow regime. Facies Spl is often overlain by parallel laminated and finer grained 
beds of facies Sfpl. If the source lithologies were carbonate-rich or highly calcareous, then 
facies Slc dominates the association.  
4.2.2 Lateral flow fringe association – FF  
Description: the lateral flow fringe association (FF) is formed from a combination of 
facies Spx and facies Spl (Figure 4.1). Approximately ninety percent of the facies is 
composed of facies Spx, which is commonly overlain by around ten percent of facies Spl. 
The association is rare within the proximal portion of the basin, but becomes more 
dominant in exposures towards the medial and distal extents of the basin, such as 
between 64m and 66m with the Moab log.  
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Interpretation: the lateral flow fringe association can be attributed to flow-perpendicular 
sand bodies which were deposited along the fringe of a confined flow. The deposits are 
representative of a laterally accreting system. The main body of the association is 
represented by low-angle, cross-bedded sets (Facies Spx) which depict the lateral 
accretion of the main body of the confined flow. The main body of the association is 
commonly overlain by parallel laminated sandstone (Facies Spl), which signifies 
deposition in the upper flow regime.  
4.2.3 Unconfined water flow association – UC  
Description: facies association UC comprises facies Spl and facies Sfpl (Figure 4.1). 
The deposits directly overlying the basal bounding surface are formed from facies Spl, 
which forms around five percent of the association. Facies Spl often borders facies Sfpl, 
which forms around ninety five percent of the association. Association UC occurs 
throughout the proximal-part of the basin, but is more abundant in exposures throughout 
the distal part of the basin. The unconfined water flow association often occurs in close 
proximity to the confined water flow association (CF). Association UC can be observed in 
the Gateway locality, between 44m and 47m.  
Interactions: the deposits of unconfined water flows interdigitate with the deposits of 
confined water flows. This suggests that the association was deposited as a component of 
a point-sourced flood event that occurred when the capacity for flow-confinement within 
the channel system became outpaced, due to rapidly increasing fluid content, resulting in 
unrestricted flood events. Initial deposition was slightly coarser (Facies Spl), and occurred 
in confined flow settings. Overlying these coarser-grained deposits, facies Sfpl occurs, 
indicating that the flow waned over time. Desiccation cracks and rooted horizons are 
commonplace within facies Sfpl, indicating a degree of surface stability between 
depositional events.  
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4.3 Aeolian associations 
Aeolian facies associations accumulate through wind-driven processes. The formation of 
individual aeolian environments depends on fluctuations in humidity, sediment flux and 
ground-water levels. Facies codes are outlined in Table 4.1. The type localities addressed 
are annotated on the logs displayed in Appendix A. 
4.3.1 Aeolian dune association – AD  
Description: the aeolian dune association (AD) is predominantly formed from facies Sws 
(ninety percent) with intermittent occurrences of facies Spt (ten percent). The association 
occurs occasionally in the distal-most proximal and medial parts of the basin (Figure 4.1) 
and is exposed relatively frequently in the distal part of the basin, such as between 30m 
and 36.5m within the log through the Potash Boat Ramp locality.  
Interpretation: the main component of the association represents the body of an erg 
system which comprised numerous aeolian dune forms. These sandstone dune bodies 
are internally sorted into slightly coarser grained and slightly finer grained laminations. 
The finer grained bands represent continuous grainfall down the lee slope of the dune. 
The coarser grained bands represent individual grainflow events, formed where loose 
sediment avalanched down the lee slope. Pinstriped ripple laminated deposits occur 
(Facies Spt) intermittently interbedded with facies Sws. Facies Spt is indicative of the 
migration of ballistic ripples over the larger scale dune forms.  
4.3.2 Wet interdune association – WI  
Description: association WI comprises facies Spb, Sar and Sfpl (Figure 4.1). The 
majority of the association, (approximately eighty percent), is formed from facies Spb. The 
lateral component of the association constitutes facies Sar, (approximately ten percent), 
and the upper limits of the facies association comprises facies Sfpl, (approximately ten 
percent). The association is commonly observed throughout the distal basin, usually with 
a lateral relationship to water-driven environments, such as fluvial systems or marine 
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environments. This can be observed within the Gibson Dome locality, between 12.5m and 
13.5m.  
Interpretation: where the aeolian dune environment interacted with fluvial or marine 
environments, or when there was a rise in the capillary water table, wet interdunes were 
formed. The edges of wet interdunes are dominated by facies Sfpl which exhibits 
abundant desiccation cracks and rhizolith-rich horizons. The main body of the association 
is dominated by facies Spb, which was deposited through the process of gravitational 
settling of the sediment through a standing water body. Where only a limited amount of 
available water influxed into the interdune environment, either through water-flows, or a 
rise in the capillary water table, the interdune graded into a damp environment. This lead 
to the formation of adhesion ripples over the interdune surface (Facies Sar) in places.  
4.3.3 Dry interdune association – DI  
Description: the dry interdune association (DI) comprises facies Spt and Spl (Figure 
4.1). The majority of the association is formed from facies Spl, (approximately sixty 
percent), with intermittent occurrences of facies Spt, (approximately forty percent). The 
two facies interact interchangeably up-succession. The association is mainly exposed 
throughout the distal portion of the basin, such as between 27.5m and 28m within the 
Indian Falls log.  
Interpretation: during more arid periods of deposition dry interdunes occurred between 
the aeolian dune forms. The dry interdune environment is interpreted from the presence of 
ballistic ripples over the interdune surface (Facies Spt). The ballistic ripples were fed 
through an increased supply of sediment caused by grainfall mechanisms transporting 
sediment from bounding dunes onto the interdune surface. Where ballistic wind rippling is 
not present, facies Spl dominates deposition within the interdune.  
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4.3.4 Sandsheet association – SS  
Description: association SS is formed from around ninety percent of facies Sps and ten 
percent of facies Spt (Figure 4.1). The two facies occur intermittently up-succession, and 
are interbedded with each other. Beds of facies Spt are a lot thinner than facies Sps. 
Association SS is observed throughout the medial to distal extent of the basin, the 
association is best preserved within the Gibson Dome locality, between 93.5m and 96m 
within the log.  
Interpretation: sandsheets occur at the edges of the aeolian erg system, where sediment 
flux is not high enough to sustain dune growth. There is evidence that at times small 
dunes may have migrated across the surface of the sandsheet through the process of 
dune bypass, but these bedforms are rarely preserved within the deposits. The main body 
of the sandsheet is parallel-bedded with occasional pinstriped ripple laminations (Facies 
Sps). Facies Sps is commonly interbedded with thinner pinstriped sandstone, which 
otherwise lacks internal architecture (Facies Spt).  
4.4 Other distal basin associations 
Throughout the distal fan, and distal part of the basin, additional unique facies 
associations occur. During the Permian Period shallow restricted seaways influxed into 
the distal part of the basin resulting in the accumulation of shallow marine deposits. 
Confined and small-scale shallow lacustrine settings also occur. During periods of 
depositional quiescence, soils formed throughout the basin, subsequently leading to 
sporadic palaeosol development. Facies codes are outlined in Table 4.1. The type 
localities addressed are annotated on the logs displayed in Appendix A. 
4.4.1 Shallow marine association – SM  
Description: the shallow marine association (SM) comprises facies Lsb, Lfb, Lmi, and 
Lpw (Figue 4.1). The basal, and most abundant, facies is Lsb, which forms around forty 
percent of the overall association. The association grades temporally into facies Lfb 
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(approximately twenty percent), and overlying this, facies Lmi occurs, (approximately 
twenty percent), and finally facies Lpw, (approximately twenty percent). This facies 
association is exposed mainly in the distal part of the basin, but also occasionally within 
the lower strata of the medial part of the basin, and sometimes within the Salt-Mini-Basin 
Province. The best preservation occurs within the Lockhart log, between 26m and 35.5m.  
Interpretation: during the early Permian Period, shallow seaways often influxed into the 
distal and medial extent of the Paradox Basin. The most common facies (Lsb) was 
deposited in calm shallow water, which shows indications of having been disconnected 
from a clastic sediment supply. The calm and shallow environment would have facilitated 
the development of crinoid colonies. Fluctuating sea levels allowed for flora and fauna to 
thrive in the shallow marine environment, whilst still supporting carbonate growth. Where 
a source of clastic material was located in proximity to the shallow marine environment, 
sediment influx commonly suffocated the growth of organisms (Lfb). When this clastic 
influx was high in mud content, the resultant facies become progressively more micritic 
(Facies Lmi). If there was a slight tidal influence, the clastic-rich limestones became tidally 
washed which resulted in a heightened interstitial porosity, facilitating the subsequent 
mineralisation of sparite (Facies Lpw).  
4.4.2 Gravitational settling association – GS  
Description: association GS is formed from facies Spb and facies Sfpl (Figure 4.1). The 
association occurs in the proximal and medial parts of the basin. The majority of the 
association is formed from facies Spb, (approximately ninety five percent), with around 
five percent of interbedded Sfpl. Association GS mainly occurs within the distal extent of 
the basin, for example, between 76.5m and 79m within the Lockhart log.   
Interpretation: shallow and low-lying static water bodies would have formed within 
depressions on the fan surface. The majority of deposition in such settings was governed 
by the gravitational settling of sediment through this static water column. This resulted in 
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deposition of laterally extensive parallel-bedded sandstones (Facies Spb). At the margins 
of the water body it is common for finer grained parallel-laminated sedimentation to occur. 
The margins were often vegetated, and show indications of periodic drying as evidenced 
by the presence of desiccation cracks (Facies Sfpl).  
4.4.3 Palaeosol association – PL   
Description: the palaeosol association (PL) is formed from facies Sfpl and Pcf (Figure 
4.1). Palaeosols developed at various horizons across the basin, but are most common 
within the distal extent of the basin, for example, between 79m and 80.5m within the 
Lockhart log locality. The majority of the association is formed from facies Sfpl, 
(approximately eighty percent), whereas facies Pcf forms sporadically, usually towards 
the top of the observed association and makes up approximately twenty percent of the 
association.  
Interpretation: palaeosols developed during periods of surface stability and depositional 
quiescence. During flood-events, the basin floor became inundated with fine-grained 
sediments (Facies Sfpl). Over time, these deposits facilitated the growth of vegetation, 
which stabilised the environment. In addition to this, it is common for calcretes to have 
developed during periods of increased aridity (Facies Pcf).   
4.5 Alluvial fan associated architectural elements 
Alluvial fans occur throughout the proximal-most part of the Paradox Basin, along much of 
the fringe of the Uncompahgre Uplift. The majority of texturally immature deposits sit 
within the talus cone, which formed directly below the fan apex. Deposition extended 
beyond the talus cone to the piedmont zone. Debris-driven depositional mechanisms 
dominated in the proximal and medial parts of the fan. The distal portion of the fan was 
fed mainly by water-driven processes. When the fan was inactive, secondary reworking of 
the deposits was common. Where temporal alterations can be highlighted, these positions 
are cited within the text, as well as being annotated on the logs displayed in Appendix A.  
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4.5.1 Talus cone element 
Talus cones form within both the fan apex and the proximal-most part of the piedmont 
zone (Figure 4.2a). Mountainous fronts are commonly unstable, and the deposits that 
accumulate within the talus cone are sourced from the continuous erosion of surrounding 
exposed bedrock. Due to this, talus cones are formed proximal to palaeohighs. 
Geometrically, the talus cone is tapered in plan-view, and plano-convex in cross section 
(Blair & McPherson 1994). Although the overall geometry of the talus cone is not 
observed, it can be inferred from models (Bull 1977). The talus cone deposits of the Cutler 
Group, Undivided predominately comprises association DA, with influxes of association 
PD and occasionally, association UF.  
In general, the fan apex itself is infilled with coarse-grained deposits, derived from bedrock 
failure. The exposed mountain front fails due to extensive at-surface denudation, and 
along fractured and faulted planes, resulting in single event rock falls that form the 
majority of the sporadic infill of the fan apex. If a large block of bedrock fails along a 
weakened plane, it leads to rockslide deposition, which intercalates with the deposits of 
rock fall within the fan apex. Rock slide deposits are commonly associated with a slide 
scar, which occurs at the source point of the deposits. The evidence of the slide scar is 
rarely preserved.  
The detritus that accumulated on mountainous slopes, and within the fan apex, got 
periodically destabilised, leading to avalanche deposition. Avalanche deposits commonly 
extended onto the fan surface, within the proximal-most part of the piedmont zone. If there 
is localised water influx into the fan apex, it leads to the presence of proximal debris flow 
deposits which occur intermittently within the talus cone architectural element. 
Chapter Four: Facies Associations, Architectural Elements, and Facies Models 
 
 
129 
 
F
ig
u
re
 4
.2
. 
(a
) 
T
h
e
 t
a
lu
s
 c
o
n
e
 i
s
 f
o
rm
e
d
 f
ro
m
 d
e
p
o
s
it
s
 o
f 
ro
c
k
 f
a
ll,
 r
o
c
k
 s
lid
e
 a
n
d
 a
v
a
la
n
c
h
e
 d
e
p
o
s
it
io
n
, 
s
o
u
rc
e
d
 f
ro
m
 b
o
th
 b
e
d
ro
c
k
 f
a
ilu
re
 a
n
d
 c
o
llu
v
ia
l 
s
lo
p
e
 f
a
ilu
re
. 
P
ro
x
im
a
l 
d
e
b
ri
s
 
fl
o
w
 
d
e
p
o
s
it
s
 a
re
 a
ls
o
 p
ro
m
in
e
n
t 
th
ro
u
g
h
o
u
t 
th
e
 t
a
lu
s
 c
o
n
e
. 
A
b
a
n
d
o
n
e
d
 l
o
b
e
s
 
a
re
 o
ft
e
n
 
re
w
o
rk
e
d
 t
h
ro
u
g
h
 s
e
c
o
n
d
a
ry
 
p
ro
c
e
s
s
e
s
. 
V
e
g
e
ta
ti
o
n
 c
a
n
 o
c
c
u
r 
o
n
 t
h
e
 a
llu
v
ia
l 
p
la
in
, 
a
n
d
 i
s
 r
e
p
re
s
e
n
te
d
 b
y
 r
o
o
te
d
 h
o
ri
z
o
n
s
 w
it
h
in
 t
h
e
 d
e
p
o
s
it
s
. 
(b
) 
D
e
b
ri
s
 f
lo
w
s
 a
re
 s
o
u
rc
e
d
 f
ro
m
 a
n
 
a
c
c
u
m
u
la
ti
o
n
 o
f 
c
o
llu
v
iu
m
 w
it
h
in
 t
h
e
 f
a
n
 a
p
e
x
. 
T
h
is
 c
o
llu
v
iu
m
 f
a
ils
 e
it
h
e
r 
th
ro
u
g
h
 o
v
e
rs
te
e
p
e
n
in
g
, 
o
r 
th
ro
u
g
h
 a
 l
o
c
a
lis
e
d
 e
n
tr
a
in
m
e
n
t 
o
f 
w
a
te
r.
 D
e
b
ri
s
 f
lo
w
 
lo
b
e
s
 
a
re
 
c
o
m
m
o
n
ly
 
a
b
a
n
d
o
n
e
d
, 
w
h
ic
h
 
le
a
d
s
 
to
 
s
e
c
o
n
d
a
ry
 
re
w
o
rk
in
g
. 
(c
) 
In
c
is
e
d
 
c
h
a
n
n
e
ls
 
fo
rm
 
w
h
e
n
 
p
re
-e
x
it
in
g
 
fl
u
v
ia
l 
c
h
a
n
n
e
ls
 
a
re
 
u
ti
lis
e
d
 
b
y
 
s
e
c
o
n
d
a
ry
 w
a
te
r-
ri
c
h
 d
e
b
ri
s
 f
lo
w
s
, 
le
a
d
in
g
 t
o
 c
h
a
n
n
e
lis
e
d
 d
e
b
ri
s
 d
e
p
o
s
it
io
n
. 
(d
) 
S
h
e
e
tf
lo
o
d
s
 o
c
c
u
r 
w
h
e
n
 t
h
e
 b
a
s
in
 f
e
e
d
e
r 
c
h
a
n
n
e
l 
b
e
c
o
m
e
s
 f
lo
o
d
e
d
 d
u
e
 t
o
 
e
le
v
a
te
d
 l
o
c
a
lis
e
d
 r
a
in
fa
ll.
 S
h
e
e
tf
lo
o
d
s
 a
re
 r
e
p
re
s
e
n
te
d
 b
y
 s
in
g
le
 e
v
e
n
t 
fi
n
in
g
-u
p
w
a
rd
s
 b
e
d
s
. 
 
Chapter Four: Facies Associations, Architectural Elements, and Facies Models 
 
 
130 
 
Numerous talus cones formed along the front of the elevated Uncompahgre Uplift. The 
resultant talus cones commonly interacted with each other, leading to the formation of a 
bajada. Individual components of the talus cone occasionally became inactive, and were 
subsequently reworked through secondary fan-surface processes. These abandoned 
lobes often became stabilised and vegetated, leading to the formation of rhizolith-rich 
horizons throughout the talus cone deposits. The talus cone element is preserved 
between 3.5m and 22m within the Castro Draw locality.  
4.5.2 Debris lobe element 
The main body of the debris lobe element is formed from association PD, which is often 
overlain by occurrences of association UF. Preserved debris flow elements exhibit a 
planar, non-erosive base and a concave top horizon (Figure 4.2b). Debris flow deposits 
occur throughout the proximal and medial extent of the undivided Cutler Group system, 
and sporadically within the most proximal extent of the distal fan, for example, between 
19m and 24.5m within the Gateway locality.  
In general, the colluvium that accumulated within the talus cone often becomes 
destabilised, and these destabilised deposits were transported through debris flows. They 
flow in a laminar fashion in relation to the underlying topography, leading to a plano-
convex geometry. Debris flows stacked over time, contributing to the lobate geometry of 
the alluvial fan. Individual lobes often become inactive and abandoned, and deposition 
subsequently switched to a different dominant lobe. Abandoned lobes became reworked, 
eroded, or stabilised, through vegetated horizons. Destabilisation can either occur due to 
the over-steepening of the colluvium or through increased water entrained in the system. 
This occurs either through a rise in the water table, or through intensified and localised 
rainfall. Debris flows are transported through a non-Newtonian mechanism, and 
comprises a viscous mixture of entrained gas and water with the unconsolidated 
colluvium. 
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4.5.3 Incised channel element 
Incised channel deposits are bounded by a concave base with relatively flat-lying top 
horizons. In a similar fashion to the debris flow element, the main body of the incised 
channel element is formed from association CD, which is intermittently overlain by 
association UF. The incised channel element is exposed throughout the alluvial fan 
system, but is relatively more common throughout the proximal and medial extents of the 
fan. The incised channel element is best observed between 4.5m and 8m within the John 
Brown Canyon log.  
In general, fluvial systems commonly dominate inactive sections of alluvial fan systems, 
which resulted in channelisation of the fan surface. These channel-forms persisted on the 
fan surface through time, and were sometimes utilised by water-rich debris flows, which 
become confined within these pre-existing channel forms (Figure 4.2c). Containment also 
led to the debris flows propagating further throughout the fan system. As the transport 
mechanism is similar to the mechanism that drives unrestricted debris flows, there is 
potential for preservation of the main body of the flow within the confined channel form, in 
addition to an accumulation of larger clasts at both the front and sides of the flow.  
4.5.4 Sheetflood element 
The sheetflood element is formed mainly from association UF, overlain with the 
occasional occurrences of association CF, and intermittent exposure of association PL. 
The element has a planar base, with the presence of rare scours and a slight plano-
convex top horizon. The sheetflood deposits are predominately exposed throughout the 
proximal part of the alluvial fan system, but often extend into the medial, and occasionally 
to the distal parts of the fan, such as between 10m and 12m within Gateway Lobes.  
In general, when localised rainfall was elevated around the source area, the mountainous 
feeder channels become overfilled beyond capacity, and unrestricted sheetfloods occur 
(Figure 4.2d). These sheetflood deposits are therefore directly related to the flooding of 
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the feeder channel in the proximal basin. The sheetflood events propagated further as a 
result of maturing cohesive debris flow deposits, which entrained additional water during 
transportation. The surface of sheetflood deposits are inundated with smaller, subsidiary 
fluvial channels. The edges of the sheetflood deposits, and the distal basin floor, 
sometimes become vegetated, leading to the development of intermittent rooted horizons. 
The flow of the sheetflood was relatively laminar during transportation. However, 
entrained clasts within the flow scour underlying and pre-existing lithologies.  
4.5.5 Sieve deposit element 
The sieve deposit element is predominately formed from association FR, with lateral 
occurrences of association CF. These facies associations are often overlain by 
association UC. The element is point-sourced, and plano-convex in shape away from this 
source. The basal extents of the element are often planar, but this depends strongly on 
the pre-existing underlying topography. The sieve deposit element occurs mainly 
throughout the most proximal extent of the undivided Cutler Group, throughout the talus 
cone and piedmont zone. It is best preserved in the Gateway Lobes locality, between 69m 
and 71.5m.  
In general, when water-rich flows propagated over the underlying permeable deposits the 
water content, and the fine-grained component of the flow, propagates downwards and 
infiltrates into the pre-existing deposits. The overlying sediments were deposited rapidly, 
leading to a chaotic internal architecture, and a lack of sorting. The majority of the fine-
grained component of the flow propagated downwards leading to a decreased degree of 
matrix within these rapidly deposited sediments. The downwards infiltration of water and 
fine-grained sediment resulted in a superimposed matrix supported architecture 
throughout the pre-existing underlying deposits as fine-grained sediment accumulated 
within the pore space. This process alters the original depositional architecture of any 
underlying lithologies.  
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4.6 Fluviatile associated architectural elements 
The fluvial systems of the Cutler Group grade from very immature braided fluvial systems, 
on the fan surface and throughout the medial parts of the basin, to better established 
more mature systems within the distal basin. The fluvial systems are predominately of a 
flash flood rich and ephemeral nature, but the systems often become better established 
with distance from the Uncompahgre Uplift. A greater degree of incision is evident in the 
preserved channel forms of the distal extent of the basin. Where temporal alterations can 
be highlighted, these positions are cited within the text, as well as being annotated on the 
logs displayed in Appendix A. 
4.6.1 Braided fluvial channel element 
The braided fluvial channel element is formed from association CF, with thick intermittent 
beds of association UC. The channel deposits are relatively thin in preserved exposure 
(approximately 0.2m – 0.5m), and usually have a concave basal bounding surface. The 
braided fluvial channel element occurs most frequently throughout the alluvial fan 
environment, in the proximal part of the basin, for example, between 17.5m and 20m 
within the John Brown Canyon log. Despite this, the element also occurs intermittently in 
the distal extent of the basin. 
The majority of fluvial deposits are immature in both texture and composition, and 
commonly display architectures that represent high energy and braided environments of 
fluvial deposition, such as an overall lack of overbank deposits, a conglomerate-grade 
base-load, and a high degree of stacked channel-forms at outcrop scale (Figure 4.3a). 
The immaturity of the system is commonly reflected in the presence of a coarse-grained 
channel lag. Due to a relative lack of a finer grained component within the bedload, there 
is an absence of ripple laminated strata and dune forms within the braided fluvial deposits, 
especially within the proximal basin.  
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Due to the arid palaeoclimate at the time of deposition, the rivers were commonly 
ephemeral, especially on, and in proximity to, the alluvial fan surface. During periods of 
low discharge, or increased aridity, the channel geometries were of limited extent and 
poorly formed. These braided fluvial deposits form a high proportion of the infill of the 
basin, and erode down into the pre-existing basin-floor sediments. As these channels 
migrated laterally across the basin, gravel-grade braid bars developed in the lower energy 
portions of the river. As the river was braided, typical low-energy inner-channel bends 
were infrequent. 
4.6.2 Mature fluvial channel element 
The mature fluvial channel element is also formed mainly from association CF. 
Association FF is present, occurring laterally against CF. There is also occasional 
evidence of association UC, although it occurs with a significantly lower proportion here 
than within the braided fluvial channel deposits. The mature fluvial channel deposits are 
relatively thick, and again tend to have a concave base. The mature fluvial channel 
element becomes more common towards the distal extent of the Paradox Basin, clearly 
developed mature systems can be observed between 91m and 94m within the Castle 
Valley log.  
When discharge was increased for longer surges than in the short-term fluxes caused by 
elevated localised rainfall, the fluvial channels responded by incising deeper and 
becoming wider (Figure 4.3b). These channels also accreted less often than the shallow, 
low discharge braided fluvial systems. The establishment of these systems, in addition to 
the low palaeoslope of the basin floor, led to the development of a meandering fluvial 
environment. Sand bars formed within the low-energy flows on the inside of the meander 
bends, and the resultant bars occurred more frequently than within the relatively more 
proximal braided systems.  
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4.6.3 Overbank element 
The main body of the overbank element comprises association UC, with sporadic 
occurrences of PL. Overbank deposits are found throughout the entirety of the Cutler 
Group deposits of the Paradox Basin, but are far more common within the proximal extent 
of the basin, such as between 35.5m and 40.5m within the Moab log. Overbank sediments 
are spatially related to both of the fluvial-driven elements described above.  
Overbank flood deposits are commonplace surrounding the fluvial systems. Crevasse 
splays are occasionally observed in proximity to channelised deposits. These crevasse 
splays are relatively coarse when observed near channel forms, and the overall grain size 
becomes finer with distance from the point of flooding. Within braided fluvial systems, the 
overbank elements are common and occur often. Away from the crevasse splays fine-
grained sediment-laden water bodies formed, facilitating the deposition of fine-grained 
sediments on the flood plain. These fine-grained overbank deposits became stabilised 
when the flooding events were less frequent in the depositional setting. When these flood 
events occurred less often, wind-blown processes dominated the stabilised floodplain. 
This lead to the accumulation of small dune forms, and thin bands of these deposits are 
preserved within the succession. Stabilisation of the floodplain occasionally led to the 
development of floodplain vegetation, and the subsequent formation of rooted horizons 
within the sequence, leading to the development of poorly developed palaeosols. The 
poor development of the palaeosols suggests that channel migration was relatively rapid. 
Flood deposits also formed in proximity to better established fluvial systems. As the 
flooding events in the mature fluvial system are relatively intermittent, there was more time 
for surface stabilisation, as represented by an increase in vegetated horizons. 
4.6.4 Crevasse splay element 
The crevasse splays are predominately formed from facies association FR. Crevasse 
splays grade laterally into association UC and occasionally temporally into association PL 
(Figure 4.3c). The base of the deposits is commonly planar, but can undulate as a result 
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of the flow draping the underlying topography. Whereas the overbank element is more 
commonly related to proximal braided fluvial systems, the crevasse splay element is more 
common in the distal extent of the basin. The element can be observed between 0m and 
1m in the Lockhart Rainy Day log.  
Crevasse splay elements were formed during bank breach events from fluvial systems. 
When discharge was elevated it led to flooding events from the relatively more distal 
fluvial environments. The coarse-grade component of the flow was deposited close to the 
breach of the bank. The grain size reduced both laterally away from the point of flooding, 
and temporally as the flow waned. Occasional vegetation of the finer-grained component 
of the flow led to surface stabilisation.   
4.7 Aeolian associated architectural elements 
Aeolian elements are common throughout the Cutler Group sediments. Small-scale 
aeolian architectures occur within the fan system, where debris-driven and water-driven 
depositional processes were temporarily inactive. Larger-scale aeolian ergs are prominent 
throughout the distal basin, and are main components within the Cedar Mesa Sandstone 
and the White Rim Sandstone. Interdunes occur intermittently among the dune 
architectures. Wet interdunes occur mainly towards the erg edge, whereas dry interdunes 
are more common towards the erg centre. Sandsheets are also common at the erg edges, 
where sediment flux was reduced. Where temporal alterations can be highlighted, these 
positions are cited within the text, as well as being annotated on the logs displayed in 
Appendix A.    
4.7.1 Dune element 
The dune element is predominately formed from association AD. This association is often 
affiliated with laterally intermittent occurrences of associations WI and DI (Figure 4.4a). 
The dune element is bound at the base and top in a laminar fashion. The cross-bedded 
sets that form the internal architecture for the dunes occur at an elevated angle in 
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comparison to the element’s bounding surfaces. The dune element is mainly observed in 
exposure within the distal part of the basin, with smaller-scale interludes also occurring 
throughout the Salt-Mini-Basin Province.  The best occurrence of the element is situated 
within the Gibson Dome log, between 29m and 37.5m. 
The dune architectures observed within the Cutler Group sediments suggest that when 
erg systems had the capacity to develop, the majority of proximal aeolian deposits were 
composed of transverse dune forms with sinusoidal crest lines (Figure 4.4a). The 
geometry of the dune-forms during deposition allowed for the development of pod-like 
occurrences of interdune sediments between the large-scale dune-forms. The main 
component of the dune element comprises cross-bedded sandstone. The aeolian dunes 
migrated through the processes of grainfall and grainflow which deposited down the 
aeolian slip-face. Ripples often migrated over the surface of dunes, leading to the 
formation of occasional ballistic ripples throughout the strata.   
4.7.2 Wet interdune element 
The wet interdune element is predominately formed of association WI, bounded at the 
edges by association AD. The wet interdune element occurs at a shallow angle between 
occurrences of the dune element, and the size of the environment is controlled by the size 
of the aeolian erg system. The bases of the wet interdune deposits are convex and they 
thin from the point of maximum accommodation space to the point of interaction with the 
surrounding dune forms. The top bounding surface of the element is relatively planar in 
nature. Wet interdune deposits are common throughout the zone of interaction between 
the proximal and distal parts of the basin, and throughout the deposits of the distal extent 
of the Cutler Group, for example, between 47m and 51m within the Indian Falls log.  
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Where the depression between dune forms was fed by a moisture-driven process, (fluvial 
systems, marine environments, or through a rise in the capillary water table), the 
interdunes became water-laden (Figure 4.4c). Due to this rise in moisture, the surrounding 
dunes probably failed with a greater frequency, and it is common to observe increased 
grainflow events in-fluxing into the interdune environment as a result, leading to the 
coarser component of the deposits being more prominent than the finer grainfall deposits.  
The main sediments are often relatively mud-rich. This is a result of fine-grained material 
influxing into the interdune setting through either fluvial or marine systems.  
There is evidence that the wet interdunes dried upwards over time. As the element 
progressively dried the environment passed through a damp phase prior to complete 
drying. This damp environment is evident due to the presence of adhesion ripples, which 
are formed when dry sediment is blown over damp sediments. In addition to this, rooted 
horizons are common throughout this element, which suggests that vegetation developed 
either across the interdune, during the damp stage, or at the margins of the flooded wet 
interdune. The system eventually completely dried up over time, this is supported by the 
presence of desiccation cracks. There is evidence that the fluvial systems that fed the wet 
interdune occasionally reactivated, leading to the sporadic occurrence of coarse-grained 
wadi deposits. This suggests that the fluvial systems were ephemeral.  
4.7.3 Dry interdune element 
The dry interdune element is mainly composed of association DI, bound laterally by 
association AD. The dry interdune element occurs at a low angle between dune elements, 
and is bound by planar surfaces towards the top and basal surfaces. The dry interdune 
element occurs sporadically throughout the medial part of the basin, and more commonly 
within the deposits of the distal part of the basin, such as between 34m and 39.5m within 
the Indian Falls logged locality.  
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Dry interdunes lack any significant moisture influx (Figure 4.4b) and are subject to wind-
blown processes across the flat plane between the dune forms. Sediment derived from 
both grainfall and grainflow off the dune feeds the interdune environment, and divisions 
between these processes are present within the deposits. The most prominent 
depositional architectures found within the dry interdune element are ballistic ripples. 
Ballistic ripples are formed from wind-driven sediment sorting, which segregates the 
slightly finer and slightly coarser sediments on the interdune surface.  
There is evidence of these predominately dry interdunes occasionally being subjected to 
some degree of moisture input, potentially from localised rainfall, or from a rise in the 
capillary water-table. This allowed vegetated areas to develop within the interdune, which 
are preserved as occasional rooted horizons. In addition to this, an increase in localised 
moisture is often followed by a period of climatic drying which led to the development of 
desiccation cracks, especially in proximity to the rhizolith-rich horizons.  
4.7.4 Sandsheet element 
Association SS forms the main component of the sandsheet element. It is bound laterally 
by association AD, especially towards the erg centre. The top and base of sandsheets are 
bound by flat-lying surfaces. The sandsheet element can be observed intermittently 
throughout the Salt-Mini-Basin Province and the zone of interaction between the proximal 
and distal parts of the basin. Preservation of the sandsheet sediments is rare within the 
distal extent of the basin, where occurrences of the dune element (AD) become more 
common. Despite this, the best preservation of the sandsheet element is within the 
Dugout Ranch locality, between 38m and 40m on the log.  
Sandsheets exhibit laminar wind-blown architectures, although the lack of large-scale 
cross bedding indicates that the sediment flux was not sufficient to develop sands into 
dune forms (Figure 4.4d). The sediment within the system was sourced from surrounding 
erg-systems. Wind-driven processes transported sediments across the flat-lying aeolian 
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plain, which led to a prominence of parallel bedding throughout the sandsheets. These 
parallel-bedded sand deposits often exhibit pin-striping, which is formed by the migration 
of ballistic ripples across the flat basinal surface. There is evidence that small dune forms 
bypassed across the surface of the sandsheet when the sediment supply increased 
slightly. Despite the preservation potential of these dune forms being fairly low, they are 
sporadically recognised as low-angle, cross-bedded strata that occur throughout the 
deposits.   
4.8 Other distal basin architectural elements 
In addition to alluvial, fluvial and aeolian architectural elements, other environments occur 
throughout the distal fan toe and the distal extent of the basin. Shallow marine incursions 
occurred throughout the lower Permian Period, leading to carbonate-rich accumulations. 
Shallow waters developed in depressions across the basin, leading to the development of 
lacustrine systems. In addition to this, surface quiescence led to palaeosol development.  
Where temporal alterations can be highlighted, these positions are cited within the text, as 
well as being annotated on the logs displayed in Appendix A. 
4.8.1 Shallow carbonate element 
The shallow marine element is mainly formed of association SM, and it is bound 
basinward by the other continentally deposited elements (Figure 4.5a). The basal 
bounding surfaces are usually inclined at a shallow angle, whereas the top bounding 
surfaces are often flat lying. The shallow marine element is most commonly identified 
throughout the distal extent of the Paradox Basin, but the deposits commonly extend 
through the zone of interaction. Sporadic evidence of the element can be observed in the 
Salt-Mini-Basin Province. The element is best preserved between 12m and 19m within the 
Indian Falls log.  
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The carbonate-rich shallow marine deposits are segregated by small-scale sea-level 
regressions between each unit, which led to intercalations of clastic material (Figure 4.5a). 
The basal carbonate deposits are fossiliferous, with the fossil content being relatively 
unfragmented indicating deposition in relatively calm and shallow water. The carbonate 
accumulation lacks clastic input, indicating that the system was cut-off from any sediment 
input.  
Up-succession from this, beds of a slightly more coast-proximal carbonate occur. There is 
an elevated degree of clastic components within the beds, suggesting that these were 
deposited closer to a terrestrial source. These carbonate beds are predominately devoid 
of fossil content, although sporadic unfragmented large unidentified brachiopods occur. 
Following on from the deposition of the more coastal carbonate bed, the overlying 
carbonate-rich beds were deposited in even shallower conditions. The lack of micritic 
matrix, and the fragmented nature of the sporadic fossil content, suggests that the energy 
during deposition was reasonably higher than the underlying carbonate beds. The lack of 
micritic matrix allowed for the diagenetic precipitation of sparite throughout the deposits.    
The next set of carbonate beds that occur up sequence is indicative of deposition within a 
slightly deeper marine environment, below tidal influence. All of the carbonate strata are 
interbedded with clastic deposits.   
4.8.2 Lacustrine pond element 
The lacustrine pond element is formed mainly from association GS, however it is 
commonly laterally fed by association CF. The lacustrine sediments observed within the 
Cutler Group are spatially restricted and laterally discontinuous. The base of the element 
is concave in nature, with a flat lying top horizon. The deposits often pinch out laterally 
within the width of an exposure (between approximately 10m and 50m in lateral extent). 
The lacustrine element occurs throughout the medial and distal extent of the basin, and 
also sporadically within the proximal part of the basin, for example between 3m and 8m 
within the Fisher Towers log.  
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Shallow water bodies developed throughout the basin, either within depressions on the 
fan surface, or in depressions on the basinal floor (Figure 4.5b). The main deposits that 
form the lacustrine element are parallel-bedded sandstones and siltstones, emplaced as 
sediments gravitationally settled through the water column. The gravitational settling is 
represented by the laminar nature of the parallel beds, which are very occasionally 
interrupted by loading structures. There is a relative lack of internal sedimentary 
architectures throughout the deposits, such as ripple laminations, which indicates that the 
lacustrine systems were relatively calm at the time of deposition. Mud-rich deposits occur 
around the perimeters of the lacustrine ponds. These are usually represented by rooted 
horizons, as the mud-rich nature of the sediments facilitated the growth of vegetation. As 
the lacustrine systems are commonly small-scale, the element occurs in pod-like forms 
throughout exposures of the Cutler Group.  
4.8.3 Palaeosol element 
The palaeosol element grades temporally from association UC into association PL. The 
palaeosols that occur within the Cutler Group are poorly developed, relatively thin 
(approximately 0.1m to 1m), and lack any distinct internal laminae (Figure 4.5c). As the 
palaeosols are often developed by the stabilisation of overbank deposits, the base of the 
element undulates, as the flood events draped fine-grained sediment over the pre-existing 
topography of the basin floor. The top bounding surface is relatively planar due to the 
wind-driven deflation of the element previous to vegetation growth, but the surface is 
sometimes striated by secondary flows. Palaeosols occur throughout the entire extent of 
the Paradox Basin, it can be observed between 24m and 26m in the Lockhart Sand dune 
log.  
The palaeosol element is distinctive due to a root mottled appearance. These rooted 
areas have been subsequently bleached by secondary processes. This bleaching was 
enabled by an elevated porosity that resulted from the creation of small-scale flow 
pathways around the rooted zones. In proximity to these rooted horizons, desiccation 
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cracks also occur. The development of calcrete-rich palaeosols supports an interpretation 
of an arid to semi-arid climate at the time of deposition. The development of the palaeosol 
element suggests periods of quiescence throughout the basin. The lack of deposition 
allowed for the stabilisation of the surface, and the eventual vegetation of the palaeosolic 
horizon. Small-scale pin-striping, caused by ballistic ripple migration, occurs sporadically 
throughout the deposits.  
4.9 Facies models 
Facies models link together depositional processes (observed within facies), the process-
driven environments (outlined through facies associations), and the three-dimensional 
relationships of the architectural elements, to reconstruct a depositional model for each 
fan subdivision. For the purpose of the development of facies models, the alluvial fan of 
the Cutler Group, Undivided has been subdivided into proximal, medial and distal fan 
settings.  
4.9.1 Proximal fan 
The proximal alluvial fan, or fan head, deposits of the Cutler Group occur in proximity to 
the Uncompahgre Uplift (Figure 4.6). The proximal alluvial fan was deposited within the 
fan apex, the talus cone, and onto the piedmont zone. The proximal fan was sourced from 
detritus eroded from the nearby Uncompahgre Uplift, and consequently, the deposits are 
predominantly coarse-grained, poorly sorted, and highly angular. The deposits of rock fall, 
rock slide and avalanche derived processes fill the fan apex, and these deposits are the 
main components of the talus cone (Section 4.6.1). These coarse-grained deposits 
comprise the majority of proximal fan deposition. The proximal fan is mainly fed by debris 
driven processes, but intermittent water-rich mechanisms propagate over the fan surface.  
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Figure 4.6 Idealised sequence log of the proximal alluvial fan in addition to the facies model, 
showing the interactions between architectural elements within the proximal fan. 
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Overlying the proximal deposits, in the Castro Draw area, (Figure 3.7), sheetfloods are 
common. These indicate an out-washing of floodwaters from the mountainous feeder 
channels. These extend over the piedmont zone of the proximal alluvial fan. Braided 
fluvial systems cover the surface of the piedmont zone. The piedmont zone is also fed by 
debris-flows. The proximal component of the fan prograded alongside the rest of the fan 
as deposition continued, however, secondary wind-blown processes (during times of 
increased aridity), and established fluvial processes (during times of increased humidity) 
may have eroded into the edge of the proximal fan, and superimposed a state of 
retrogradation onto the system. Where the more established fluvial systems occur, sieve 
deposits and crevasse splays are prominent. The presence of rooted horizons throughout 
the deposits indicates that vegetation developed on the fan surface.  
The proximal fan represents the initial stage of deposition on the fan surface. Deposition 
on the proximal fan occurred almost continuously. The different controlling depositional 
processes lead to thickness variations throughout the sequence. The deposits are 
commonly texturally and mineralogically immature, indicating that the transport distance 
was highly limited. Despite this immaturity, the large clasts often have abraded edges, 
suggesting that they were subject to erosion while exposed on the mountainous front, 
prior to secondary deposition.  
4.9.2 Medial fan 
The deposits of the medial fan occur at the localities of Hittle Butte and Fisher Towers 
(Figure 3.7). The deposits are relatively more mature than the deposits of the proximal fan 
(Figure 4.7). Rare debris-driven deposits reach the medial fan but the majority of the 
depositional processes are water-driven.  
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Figure 4.7 Idealised sequence log of the medial alluvial fan in addition to the facies model, showing 
the interactions between architectural elements within the medial fan. 
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Debris flow deposits extend into the medial alluvial fan. The debris flows that are present 
within the medial fan sequence show evidence of being cohesive, and the resultant 
deposits are therefore matrix-supported, unless they have been winnowed by secondary 
fan-surface processes. The clasts of the debris flow deposits are occasionally flow-
aligned. In addition to the debris flows, sheetfloods occurred, which extended onto the 
medial fan, where the flows commonly ceased, as the energy of the flood waters waned.  
The surface of the medial fan encompasses high energy braided fluvial networks, which 
often reworked the underlying deposits. The fluvial deposits show evidence of rapid lateral 
accretion, leading to the development of small-scale lateral point bars which are 
preserved as thin beds in the sequence. The fluvial systems were poorly developed and 
therefore never incised to a significant depth. The braided fluvial deposits show bedload 
dominance, leading to the preservation of coarse-grained channel lag sediments.  
The fluvial systems propagated over the underlying clast-supported and permeable pre-
existing deposits of winnowed debris flows, leading to the downwards infiltration of the 
water component of the flow, and resulting in the rapid deposition of sieve deposits. The 
fan surface stabilised occasionally during periods of depositional quiescence, leading to 
vegetation growth and the presence of rooted horizons and calcretes.  
4.9.3 Distal fan 
The distal fan (Figure 4.8) outcrops around the Castle Valley and Moab localities (Figure 
3.7). Better established and more mature fluvial systems occurred throughout the distal 
fan. These relatively more mature fluvial systems are preserved as larger-scale 
channelised fluvial elements (up to approximately 10m) at outcrop scale. The increase in 
the scale of the element links to the increase in incision and maturity of the fluvial systems 
with distance from the source of the Uncompahgre Uplift.  
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Figure 4.8 Idealised sequence log of the distal alluvial fan in addition to the facies model, showing 
the interactions between architectural elements within the distal fan. 
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These fluvial systems are prominent throughout the distal fan succession, and therefore, 
the fluvial architectural elements repeat frequently. The resultant overbank deposits are 
commonly rich in rhizoliths, this vegetation led to the occasional development of 
palaeosols.  
Depressions on the distal fan surface facilitated the development of shallow-water lakes or 
large ponds within the succession. These are represented by parallel-bedded sandstone 
sets, indicating deposition in calm lacustrine environments. Sedimentation in the distal fan 
to the distal extent of the basin was occasionally dominated by deposition in aeolian 
environments. These environments are usually small-scale, with intermittent wet and dry 
interdunes. The wet interdunes are represented by adhesion rippled laminae and 
interdune-edge rooted horizons. The dry interdunes are typified by the presence of 
ballistic ripples. Towards the edge of the aeolian dune field, laminar sandsheet deposits 
developed. Ballistic ripples occurred over the sandsheet surface, leading to a pinstriped 
texture. In addition to secondary aeolian and lacustrine environments, shallow marine 
incursions also affected deposition in the distal fan, which led to the deposition of 
carbonate sediments throughout the distal extent of the fan. The carbonate deposits are 
often highly fossiliferous, but the percentage of clastic material varies throughout the 
sequence.  The proximal, medial and distal extent of the fan combine to form the overall 
environment (Figure 4.9).  
4.9.4 Transverse sections through the alluvial fan 
The transverse sections of the alluvial fan environment show sedimentation between the 
proximal and distal extents of the system. In the talus cone, coarse-grained depositional 
processes occurred almost continuously, with rare pulses of sheetflood deposition (Figure 
4.10a). The sheetflood deposits sporadically became stabilised, and evolved into 
palaeosols. The thickest occurrence of the talus cone section occurs the centre of the fan, 
near the deposits of the fan apex, and thin spatially to the basin floor.  
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Towards the piedmont zone, still in the proximal extent of the fan, the fan sides become 
relatively shallower, but the section is still plano-convex in shape (Figure 4.10b). There 
was a lack of talus cone depositional processes in the piedmont zone, but an abundance 
of debris flow depositional mechanisms. These are most common within the centre of the 
transverse section. Sheetflood events were also common throughout the proximal alluvial 
fan. Small-scale braided fluvial systems occurred in the main body of the fan. Fine-
grained, flood-generated sedimentation is abundant, and the development of palaeosolic 
horizons suggests periodic surface stabilisation. 
Towards the medial extent of the alluvial fan, the transverse cross-section is still plano-
convex, but the top-surface becomes progressively levelled (Figure 4.10c). The amount of 
debris flow events decreased over time and the resultant depositional packages are 
thinner than similar underlying deposits. Sheetflood deposits are still common, but the 
resultant deposits are relatively thin in comparison to those in the more proximal extent of 
the fan environment. Fluvial channels are more prominent in the medial fan, as the 
environment became better established with distance from the source.  
Fluvial flood -fines, and the settled fines from stagnant water derived from sheetflood 
events, often became vegetated, leading to the development of calcrete-grade palaeosols. 
These events appear thicker in the deposits of the medial fan in comparison to the 
proximal fan. 
Secondary depositional environments were active within the distal extent of the alluvial fan 
environment (Figure 4.10d). Small-scale and infrequent debris-rich deposits occurred 
throughout the distal extent of the fan. The predominant depositional mechanism was 
through fluvial systems. The resultant channel-forms are larger and better established, 
with a greater degree of intermittent fine-grained flood event derived deposits. These 
show evidence of stabilisation in places through the development of palaeosols. 
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Figure 4.10. Transverse sections across a) the talus cone, b) the proximal fan, c) the medial fan, 
d) the distal fan, e) the distal fan toe. The deposits are thicker at depth towards the fan apex. 
This diagram highlights the thickness of the exposed, and logged, sediment.  
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There is evidence of the build-up of fan edge aeolian environments, and well as the 
development of small-scale lacustrine environments in fan surface depressions. At the 
alluvial fan toe, the top and base bounding surfaces are relatively flat-lying, as the system 
loses the plano-convex geometry (Figure 4.10e). It is at the fan toe where the 
contemporaneous distal depositional environments became more prominent. These 
environments were: 1) well developed, fan toe cutting fluvial systems; 2) better developed 
aeolian erg environments; and, 3) small-scale restricted lacustrine settings. The 
transverse sections of the fan can be correlated through the development of longitudinal 
cross sections. This can lead to the construction of a fence diagram which highlights 
connectivity through the deposits.  
4.9.5 Longitudinal sections through the alluvial fan 
Longitudinal sections can be developed using the transverse sections across the alluvial 
fan (Figure 4.11). These have been taken from the left limit, towards the north of the fan, 
the right limit, towards the south of the fan, and the main fan body. The outer limits of the 
alluvial fan are relatively similar in facies assemblages and geometry. Thin occurrences of 
debris-rich deposits occur in the proximal extent of the fan environment, which are limited 
in thickness due to the thinning-outwards nature of the plano-convex geometry of the fan. 
In this case, the deposits thicken towards the distal extent of the basin.  
Repeated development of fan systems would have stacked in the proximal basin, and 
these deposits would appear thicker at outcrop scale due to these repeated events. The 
longitudinal sections are based on outcrop data, where the proximal deposits have limited 
exposure in comparison to the remainder of the fan, meaning that the proximal extent of 
the fan appears thinner. The fan grades into distal aeolian and lacustrine depositional 
environments, in the more distal extent of the basin.  
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The main body of the alluvial fan is concave in longitudinal section. This is most apparent 
within the coarser-component of the more proximal extent of the fan environment. There 
was a greater degree of deposition through sediment gravity flows, including through 
rockfalls, rock slide and avalanche deposition, within the proximal extent of the alluvial 
fan. The coarse-grained component of the alluvial fan system thins away from the fan 
apex and the talus cone, towards the distal extent of the fan environment. The coarse 
deposits often interdigitated with fine-grained sedimentation sourced from flood events. 
The debris flows eventually interacted with distal fluvial and aeolian depositional 
environments towards the basin centre. There is an increase in the amount of fluvial 
environments that evolved in the centre-part of the main fan body. The small-scale 
restricted lacustrine deposits are absent within the main fan body, suggesting that the 
mainly occur towards the edge of the system.  
4.9.6 Fence diagram through the alluvial fan environment  
The transverse and longitudinal sections have been compiled to form a fence diagram to 
display how the fan system evolved throughout the basin (Figure 4.12). The fence 
diagram shows how the proximal, medial and distal fan system are interlinked during 
deposition. It again displays how the alluvial fan is plano-convex in transverse section in 
the proximal and medial extent of the fan, and becomes relatively more horizontal towards 
the distal extent of the basin where aeolian, lacustrine and fan toe fluvial systems 
dominate. The main body of the alluvial fan is concave up in longitudinal section, 
especially in the proximal, coarse-grained component of the fan.  
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Figure 4.12. The transverse and longitudinal cross sections can be complied to form a fence diagram. This diagram displays how the depositional environments of the alluvial fan evolve spatially, throughout the fan system, and 
temporally up-section. The fence diagram displays that the alluvial fan is initially debris driven, within the proximal fan, and grades towards more water driven towards the distal extent of the alluvial fan. The distal fan toe is 
dominated by secondary depositional environments, such as lacustrine and aeolian environments. The deposits are thicker at depth towards the fan apex. This diagram highlights the thickness of the exposed, and logged, 
sediment. 
Approximately 25km 
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The side of the fan environment in the proximal extent of the system is relatively thin and 
mainly dominated by sheetflood events. Distal aeolian and lacustrine systems were 
prominent at the fan edges in the distal extent of the system.  
The fence diagram highlights the connectivity of alluvial fan deposits both across the 
transverse area of the fan, and throughout the longitudinal section. In the transverse 
sections, a high proportion of the debris-rich environments are isolated between long-
reaching occurrences of fine-grained sedimentation. The exception to this is the proximal-
most extent of the fan, in the talus cone, where the majority of deposition is debris-rich 
and lacks the intermittent fine-grained sedimentation. The isolated debris-rich 
environments are connected longitudinally through the basin, as the depositional 
mechanisms are far reaching throughout the basin margin system. In a similar fashion, the 
fluvial elements are mainly isolated between fine-grained overbank sedimentation in 
transverse sections across the fan, but are connected throughout the basin as the fluvial 
systems were far reaching. Both the debris flows and fluvial systems interdigitate with 
aeolian and lacustrine environments in the distal extent of the basin.   
4.10 Discussion  
The alluvial fan system is traditionally considered as an impermeable clastic wedge, but 
flow zones can be identified throughout the fence diagram which shows a high degree of 
potential connectivity throughout the alluvial fan deposits (Figure 4.13). The majority of 
flow zones occur throughout the coarse-grained components in the proximal extent of the 
basin. The deposits of the talus cone lack a definitive matrix support, which facilitates fluid 
migration throughout the proximal extent of the fan system. A high degree of the debris 
flow deposits were exposed on the surface of the fan during deposition which led to the 
winnowing of the deposits, this occurs either though wind-driven or water-driven 
processes.  
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Figure 4.13. The fence diagram can be used to highlight fluid flow zones throughout the alluvial fan environment. The different architectural elements observed throughout the fan environment have different levels of permeability, 
but there is a high degree of connectivity between the permeable zones. The deposits are thicker at depth towards the fan apex. This diagram highlights the thickness of the exposed, and logged, sediment. 
Approximately 25km 
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The base of the sheetflood deposits are dominated by the coarse-grained component of 
the flow, as the fines settle out of suspension towards the top of the event as the flow 
stagnates. This leads to the development of basal flow zones throughout the sheetflood 
deposits. The sheetflood and debris flow deposits interlink with highly permeable aeolian 
deposits in the distal part of the basin. 
The fluvial systems within the alluvial fan are coarse-grained and ephemeral. As a result 
of this, these deposits potentially have an elevated basal permeability, which leads to 
increased flow zones throughout the basin. Even without these, the permeable deposits of 
the alluvial fan are highly interconnected. This has a marked effect on basin-scale fluid 
flow, especially when considering the flow zones generated by the deposits of the zone of 
interaction, as outlined in the succeeding chapter.  
4.11 Summary  
Distinguishable environments of deposition can be determined by linking related facies 
(Chapter Three) to characterise facies associations. These facies associations can define 
debris driven depositional environments of both a lobate or confined nature, as well as 
within confined or unconfined water flows. Aeolian associations also occur throughout the 
proximal basin, and dune forms, interdunes and sandsheets have been recognised 
throughout the Cutler Group sediments, into the distal extent of the basin. Shallow 
carbonate forming environments, shallow water environments and palaeosols also occur 
across the Permian deposits within the Paradox Basin.  
These identified facies associations can be linked to interpret architectural elements 
through the Permian Cutler Group deposits. Architectural elements for differing 
environments have been established across the alluvial fan. The proximal-most deposition 
occurs within the fan talus cone, and range from sediment gravity flows and debris-driven 
processes, transported through either fan surface flows or incised channels. The fan is 
also fed by water flows such as sheetfloods and sieve deposits which propagate over the 
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fan surface, as well as braided and more mature fluvial systems. Aeolian systems are also 
common, especially towards the distal extent of the fan and the fan toe, where erg 
systems, wet and dry interdunes and erg-edge sandsheets elements are present. In 
addition to this, shallow carbonate-rich water bodies, shallow standing water, and 
palaeosol elements occur within the distal fan.  
The geometries within the alluvial fan environment can be divided into the proximal, 
medial and distal fan (Figure 4.9). Simplified logs through the successions have been 
presented to show overall occurrences of individual facies. In addition to the generalised 
logs, three-dimensional models have been constructed to show the relationship between 
the architectural elements within each of the alluvial fan divisions. The proximal extent of 
the alluvial fan is formed from both the fan apex and the piedmont zone. Deposition in the 
proximal fan is controlled by the destabilisation of both bedrock and colluvium; therefore 
the majority of deposition occurs through debris-driven flows. In the medial extent of the 
fan there is a gradational dominance of water-flow driven deposition, mainly through the 
increase in the magnitude of the fluvial systems. Debris-driven flows also extend 
throughout the medial portion of the fan environment. Secondary, and fan related, 
depositional environments start to interact at the distal extent of the fan system, in 
proximity to the fan toe. The distal extent of the fan is mainly controlled by mature fluvial 
systems, with occasional debris flow influxes. Lacustrine, aeolian and marine 
environments of deposition often interact with the distal fan toe. 
 The deposits of the alluvial fan are highly interconnected, as displayed within the fence 
diagram constructed from both the transverse and longitudinal cross sections across the 
fan body. Each of the architectural elements displays different degrees of permeability. 
These elements are connected between the proximal and distal extent of the alluvial fan 
system, as well as across the transverse section. These flow zones contest the common 
interpretation that fan systems are impervious to flow. 
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The sediments of the undivided Cutler Group have been interpreted to identify the 
depositional environments, and proximal, medial and distal fan depositional divisions 
throughout the proximal part of the Paradox Basin (Chapter Four). These depositional 
environments interacted with contemporaneous environments in the distal part of the 
basin during deposition. The environments of the distal basin have been grouped into four 
clear lithostratigraphical divisions by previous workers, and have been interpreted as the 
deposits of shallow marine, aeolian and fluvial environments. 
The area of transition between the proximal and distal portions of the Paradox Basin is 
termed the ‘zone of interaction’ and is characterised by the deposition of the informally 
termed ‘Arkosic Facies’ of the Cutler Group (Doelling 2001). Within the zone of interaction, 
localised and unique internal sedimentary architectures are present. This chapter 
describes these architectures and groups them together to form facies models. These 
facies models are categorised by the dominant physical processes observed in the 
sediment of the proximal part of the basin, within the alluvial fan. These divisions are 
based on debris-driven processes, water-driven processes and wind-blown processes.  
The outcrop geometries of the zone of interaction show a spatial evolution through the 
medial part of the basin (Figure 3.6). The geometries formed due to these interactions are 
highly variable at the point of transition between the fan base and distal part of the basin. 
With distance from the fan toe, the zone of interaction becomes better subdivided into 
distinguishable environments of deposition. This chapter describes the lateral variations 
through the zone of interaction at both depositional element scale and basin scale. In 
addition to evolving laterally across the basin, the deposits of the zone of interaction also 
evolve up-section. This can be attributed to the evolving climate during deposition. The 
effect of climate upon deposition is outlined in chapters Six and Seven.  
CHAPTER FIVE: 
Sedimentary Architecture of the Zone of Interaction  
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5.1 Subdivided formations in the distal basin 
The fill of the proximal part of the Paradox Basin, including the deposits of the basin 
margin alluvial fans, and other fan related environments, is described within chapters 
Three and Four. Towards the more central part of the Paradox Basin, from the area just 
south of Moab to the eastern margin of Canyonlands National Park (Figure 5.1), the Cutler 
Group has been lithostratigraphically subdivided (eg. Cain 2010, Jordan 2006, Mountney 
& Jagger 2004). These divisions are: 1) the lower Cutler beds; 2) the Cedar Mesa 
Sandstone; 3) the Organ Rock Formation; and, 4) the White Rim Sandstone (Figure 5.2), 
as outlined in Table 3.1.   
5.1.1 Lower Cutler beds 
The late Pennsylvanian to early Permian lower Cutler beds are the oldest deposits of the 
Permian Cutler Group (Jordan 2012). The most notable exposures of the lower Cutler 
beds occur around the Potash area. The predominant depositional environment of the 
lower Cutler beds is shallow marine (Section 3.3.1). This marine environment interacts 
with fluvial, aeolian, deltaic, and swamp-like environments of deposition (Soreghan et al. 
2002). Published research has identified the facies present within the lower Cutler beds, 
(eg. Jordon 2006), and these are summarised in Table 5.1. 
5.1.2 Cedar Mesa Sandstone 
The Cedar Mesa Sandstone conformably overlies the lower Cutler beds (Section 3.3.2), 
and the deposits are representative of a wet aeolian environment of deposition (Jagger 
2003). Facies indicate dune growth, the development of both wet and dry interdunes, as 
well as occasional ephemeral fluvial systems and playa lakes (Mountney & Jagger 2004). 
The Cedar Mesa is exposed along the eastern margin of Canyonlands National Park, and 
extends throughout the park and into the distal extent of the basin centre. Detailed studies 
have identified numerous facies throughout the Cedar Mesa Sandstone (Mountney & 
Jagger 2004, Jagger 2003, Langford & Chan 1988), and these are summarised in Table 
5.2.  
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Figure 5.1. Within the field area of the Paradox Basin, U.S.A., six separate lithostratigraphical 
divisions of the Cutler Group are exposed. The proximal alluvial fan is represented by the 
undivided Cutler Group and is exposed throughout the proximal part of the Paradox Basin. The 
deposits of the distal basin are subdivided into the Lower Cutler beds, Cedar Mesa Sandstone, 
Organ Rock Formation and White Rim Sandstone. The zone of interaction has been informally 
mapped as the Arkosic Facies, (After Nuccio & Condon 1996).  
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Table 5.1. Summary of the facies observed within the lower Cutler beds of the Cutler Group. 
(Jordon 2006).  
 
Facies 
 
Description 
 
Interpretation 
 
Cross-bedded aeolian 
dune facies 
 
Fine- to coarse-grained sandstone. 
Trough- and planar cross-bedded.  
 
Transverse barchanoid 
aeolian bedforms. 
   
 
Aeolian interdune facies 
 
Siltstone to medium-grained 
sandstone. Low-angle wavy laminae.  
 
Damp interdune deposits. 
   
 
Aeolian sandsheet 
facies 
 
Bimodal grain size – medium- to 
granule-grade to very-fine to medium-
grained sandstone. Horizontal laminae. 
 
Aeolian sandsheet. 
   
 
Cross-bedded 
sandstone 
 
Fine- to coarse-grained sandstone with 
occasional rip-up clasts. Both trough- 
and planar cross-bedding. 
 
Subaqueous bedforms in 
channel bases. 
   
 
Granule – pebble 
conglomerate facies 
 
Granule- to pebble-grade, poorly 
sorted and unstratified deposits. 
 
Basal lag in fluvial 
channels. 
   
 
Horizontally laminated 
sandstone facies 
 
Fine- to coarse-grained sandstone. 
Parallel laminated with occasional 
cross-ripple laminations.  
 
Fluvial deposition in upper 
or lower flow regime.  
   
 
Ripple cross-laminated 
sandstone 
 
Fine- to medium-grained sandstone. 
Ripple cross-laminated. 
 
Fluvial deposition in lower 
flow regime.  
   
 
Massive sandstone 
facies 
 
Fine- to coarse-grained sandstone. 
Devoid of sedimentary architectures. 
 
Fluvial deposition in upper 
flow regime.  
   
 
Silt – mudstone facies 
 
Horizontally or wavy laminations. 
Occasional trough-cross laminations.  
 
Repeated flood events. 
   
 
Nodularised calcrete 
facies 
 
Abundance of carbonate nodules with 
occasional rooted horizons. 
 
Palaeosols. 
   
 
Bioclastic limestone 
facies 
 
Wackestone, abundant in bioclasts 
and some alloclasts. 
 
Shallow marine limestone 
   
 
Micritic limestone facies 
 
Wackestone, occasional bioclasts and 
alloclasts. 
 
Shallow marine limestone 
   
 
Nodular calcrete facies 
 
Wackestone, occasional alloclasts. 
 
Shallow marine limestone. 
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Siliciclastic rich 
limestone facies 
 
Mixed carbonate and siliciclastic 
material. Contains bio- and alloclasts. 
Some trace fossils. 
 
Shallow marine limestone. 
   
 
Calcarentie gritstone 
facies 
 
Calcareous gritstone. Trough- and 
planar-laminated. Both bioclasts and 
intraclasts.  
 
Shallow marine bar. 
   
 
Massive sandstone 
facies 
 
Fine- to medium-grained sandstones 
with occasional lime-rich mudstones. 
Lack of internal structure.  
 
Submarine channel 
   
 
Cross bedded 
sandstone 
 
Fine- to coarse-grained sandstone. 
Planar- and trough-cross-bedding. 
Occasional fossils.  
 
Submarine channel. 
   
 
Siltstone – mudstone 
facies 
 
Siltstones and mudstones. Occasional 
parallel laminations.  
 
Submarine channel. 
   
 
Ripple laminated 
sandstone facies 
 
Fine- to coarse-grained sandstone. 
Ripple laminations. 
 
Near shore mud drapes. 
   
 
Low angle, horizontally 
laminated sandstone 
 
Fine- to coarse-grained sandstone. 
Parallel laminated. 
 
Foreshore. 
   
 
Wavy laminated 
sandstone 
 
Fine- to medium-grained sandstone. 
Some wavy lamination.  
 
Foreshore. 
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Table 5.2. Summary of the Cedar Mesa Sandstone of the Cutler Group. (Jagger 2003).  
 
Facies 
 
Description 
 
Interpretation 
 
Low angle pinstriped 
facies 
 
Fine- to coarse-grained sandstone. 
Planar- and trough-cross laminations.  
 
Dune plinth. 
   
 
High angle pinstriped 
facies 
 
Fine- to medium-grained sandstone. 
High angle planar- and trough-cross 
laminations.  
 
Aeolian dune without 
slipface. 
   
 
High angle inversely 
graded facies 
 
Fine- to medium-grained sandstone. 
High angle planar- and trough-cross 
laminations. Inversely graded. 
 
Aeolian dune with slipface. 
   
 
Low angle pinstriped 
facies 
 
Fine- to coarse-grained. Low-angle 
laminations and small-scale planar- 
and trough-cross bedding. 
 
Sandsheet. 
   
 
Aerially restricted 
horizontal pinstriped 
facies 
 
Fine- to coarse-grained sandstone. 
Low-angle laminations. 
 
Dry interdune. 
   
 
Adhesion wart facies 
 
Very-fine to coarse-grained sandstone. 
Horizontal and low-angle laminations.  
 
Damp interdune. 
   
 
Adhesion rippled facies 
 
Very-fine to coarse-grained sandstone. 
Horizontal and low-angle laminations.   
 
Damp interdune.  
   
 
Wavy laminated facies 
 
Very-fine to coarse-grained sandstone. 
Wavy cross laminations.  
 
Damp interdune.  
   
 
Crinkly laminated facies 
 
Silt-grade to coarse-grained. Crinkly 
laminations.  
 
Wet interdune. 
   
 
Biogenic facies 
 
Very-fine to coarse-grained sandstone. 
 
Palaeosol. 
   
 
Replacive non-
fossiliferous calcite 
facies 
 
Silt-grade to coarse-grained 
sandstone. Internally massive. 
Abundance in rhizoliths.  
 
Calcrete. 
   
 
Replacive and 
displacive non-
fossiliferous calcite 
facies 
 
Silt-grade to coarse-grained. Internally 
massive. Lacks rhizoliths.  
 
Calcrete. 
   
 
Nodular calcrete facies 
 
Wackestone, occasional alloclasts. 
 
Shallow marine limestone. 
  
 
 
 
Chapter Five: Sedimentary Architecture of the Zone of Interaction 
 
 
171 
 
 
Replacive and 
displacive chert 
 
Very-fine to coarse-grained sandstone. 
Contains nodular chert. 
 
Silcrete. 
   
 
Structureless sand 
facies 
 
Medium- to coarse-grained sandstone.  
 
Rapidly deposited. 
   
 
Cross-bedded 
sandstone facies 
 
Medium- to coarse-grained sandstone. 
Planar- and trough-cross laminations.  
 
Fluvial barform. 
   
 
Horizontally laminated 
sandstone facies 
 
Fine- to coarse-grained. Horizontal 
laminations.   
 
Upper flow regime.  
   
 
Cross-laminated rippled 
sandstone facies 
 
Very-fine- to medium-grained 
sandstone. Ripple cross laminations.  
 
Lower flow regime.  
   
 
Mudstone to siltstone 
facies 
 
Clay- to silt-grade. Horizontal and low-
angle cross lamination.  
 
Waning flow / floodplain. 
   
 
Matrix supported 
conglomerate facies 
 
Siltstone to cobble-grade clasts. 
Massive. 
 
Conglomerate. 
   
 
Fluvially reworked 
aeolian sandstone 
facies 
 
Silt-grade to very coarse-grained sand. 
Horizontal to low-angle beds  
 
Reworked aeolian 
sediments. 
 
 
Nodular-wavy laminated 
facies 
 
Mud-grade to granule-grade. 
 
Fresh water limestone. 
 
 
Mudstone-siltstone 
facies 
 
Clay-grade to fine-grained sandstone. 
Horizontal wavy-laminations. 
 
Siltstone 
 
 
Bioclastic limestone 
facies 
 
Mud-grade to coarse-grained 
sandstone. Fossiliferous.  
 
Marine limestone. 
 
 
Stratified sand facies 
 
Fine- to very-coarse grained 
sandstone. Planar and swaley cross-
bedding. 
 
Submarine bar. 
 
 
Stratified gritstone / 
calcarentie facies 
 
Very-fine- to medium-grained 
sandstone. Symmetrical ripples and 
planar cross-bedding. 
 
Submarine bar. 
 
 
Wavy laminated 
siltstone facies 
 
Clay- to silt-grade sediment. Wavy to 
horizontal laminations and occasional 
shell fragments.  
 
Marine mudstone.  
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5.1.3 Organ Rock Formation 
The boundary between the Cedar Mesa Sandstone and the Organ Rock Formation is 
gradational. The deposits of the lower Organ Rock Formation are predominately aeolian, 
and the formation grades into a large-scale terminal fluvial fan system (Cain 2010). The 
deposits of the Organ Rock Formation (section 3.2.2) also interact distally with marine 
environments (Stanesco et al. 2002). The exposures of the Organ Rock Formation are 
exposed from the Shafer Trail area to the Gibson Dome locality. A summary of all the 
identifiable facies within the Organ Rock Formation is outlined in Table 5.3.  
5.1.4 White Rim Sandstone Member 
The White Rim Sandstone Member is limited in extent to the Canyonlands region, and is 
the youngest of the Cutler Group subdivisions within the study area (section 3.3.4). The 
White Rim Sandstone overlies the ‘Arkosic Facies’ of the zone of interaction, and 
therefore interactions between the two are absent. The main palaeoenvironment has been 
interpreted as an aeolian erg, and facies representing aeolian dune forms, wet interdunes 
and dry interdunes being present throughout the member (Kamola & Chan 1988).  
Limited evidence of marine and fluvial deposits has been observed within the deposits of 
the White Rim Sandstone Member (Huntoon & Chan 1987). In addition to the exposures 
in the Canyonlands region, a related aeolian outlier is exposed around the Castle Valley 
area.  
Chapter Five: Sedimentary Architecture of the Zone of Interaction 
 
 
173 
 
Table 5.3. Summary of the Organ Rock Formation of the Cutler Group. (Wakefield 2010). 
 
Facies 
 
Description 
 
Interpretation 
 
Aeolian sand dune 
facies 
 
Medium- to coarse-grained. Planar- 
and trough-cross bedded.  
 
Dune bedforms. 
   
 
Aeolian sandsheet 
facies 
 
Medium- to coarse-grained sandstone. 
Horizontal laminations.  
 
Sandsheet. 
   
 
Dry interdune facies 
 
Fine- to medium-grained sandstone. 
Occasional planar laminations. 
 
Dry interdune. 
   
 
Damp interdune facies 
 
Silt-grade to fine-grained sandstone. 
Weak internal laminations. 
 
Damp interdune. 
   
 
Wet interdune facies 
 
Poorly sorted laminated sandstone 
 
Wet interdune. 
   
 
Planar cross-bedded 
sandstone facies 
 
Fine- to very coarse-grained 
sandstone. Planar cross bedding.  
 
Straight crested 
subaqueous bedforms. 
   
 
Trough cross-bedded 
sandstone facies 
 
Fine- to very coarse-grained 
sandstone. Trough- cross bedding.    
 
Sinuous crested 
subaqueous bedforms.  
   
 
Massive sandstone 
faices 
 
Fine- to very coarse-grained 
sandstone. Massive.  
 
Fluvial flood deposit.  
   
 
Bioturbated sandstone 
facies 
 
Fine- to very coarse-grained 
bioturbated sandstone.  
 
Subaqueous settling.  
   
 
Horizontally laminated 
sandstone facies 
 
Fine- to coarse-grained sandstone. 
Horizontal cross laminations. 
 
Upper flow regime. 
   
 
Horizontally laminated 
mudstone and siltstone 
facies 
 
Mud-grade to silt-grade sediment. 
Mottled from rhizoliths.   
 
Unconfined overbank 
deposition. 
   
 
Intraformational 
conglomerate facies 
 
Cobble- to boulder-grade poorly sorted 
clasts. Clasts from aeolian sandstone, 
siltstones and muds.  
 
Channel lag. 
   
 
Extraformational 
conglomerate facies 
 
Formed from extraformational clasts. 
Matrix supported. Some crude cross 
bedding.  
 
Channel lag. 
   
 
Current laminated 
sandstone facies 
 
Very fine- to medium-grained 
sandstone. Ripple laminated.  
 
Lower flow regime. 
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Wave laminated 
sandstone facies 
 
Very fine- to medium-grained 
sandstone. Wave rippled.   
 
Agitated standing water 
body. 
   
 
Calcrete-rich palaeosol 
facies 
 
Rich in calcrete material, rhizoliths and 
trace fossil indicators.   
 
Immature palaeosol.  
   
 
Horizontally bedded 
fluvial facies 
 
Fine- to very coarse-grained 
sandstone. Horizontally laminated.    
 
Crevasse splay and 
overbank.  
   
 
Bioclastic limestone 
facies 
 
Grey to dark-grey wackestone, 
abundant in bioclasts and lithic 
fragments.  
 
Shallow marine limestone.  
   
 
Nodular limestone 
facies 
 
Nodular sparite-rich limestone. 
Contains allochems and biochems.   
 
Shallow marine limestone. 
   
 
Micritic limestone facies 
 
Biomicritic wackestone. 
 
Shallow marine limestone. 
   
 
Sandy limestone facies 
 
Fine-grained sandstone with 
occasional fossils.  
 
Shallow marine limestone. 
Siliciclastic input.  
 
 
Calcarentie gritstone 
facies 
 
Very coarse-grained to pebble-grade 
sandstone.  
 
Subaqueous barform.  
 
 
Marine massive 
sandstone facies 
 
Fine- to medium-grained sandstone. 
Lacks internal architecture.  
 
Submarine channel. 
 
 
Planar cross-bedded 
marine sandstone facies 
 
Medium- to very-coarse-grained 
sandstone.   
 
Submarine channel. 
 
 
Trough cross-bedded 
marine sandstone facies 
 
Medium- to very coarse-grained 
sandstone. 
 
Submarine channel. 
 
 
Marine mudstone and 
siltstone facies 
 
Mudstones and siltstones. Planar and 
cross-laminations.  
 
Background submarine 
sedimentation.  
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5.2 The sedimentology of the zone of interaction 
The zone of interaction marks the transition between the alluvial fan deposits of the 
proximal extent of the Cutler Group, Undivided and the contemporaneous subdivided 
environments of the distal basin (Figure 3.4). The current research has identified unique 
sedimentary architectures throughout the zone of interaction between the alluvial fan 
deposits and the deposits of the distal basin.  
5.2.1 Debris-driven alluvial fan to distal basin 
The proximal basin is often dominated by debris-driven flows (Section 3.5.2) and these 
debris-rich deposits interact with the numerous processes that typify the distal extent of 
the basin to produce facies unique to the zone of interaction. The identified facies are 
outlined below.  
Clast-supported conglomerate facies – Cwi  
Description: facies Cwi is formed of a conglomerate, with pebble- to boulder-grade clasts 
(Figure 5.3). The deposits are clast-supported and lack a finer grained matrix. The clasts 
are red to brown, rounded to sub-rounded, and commonly comprise rip-up clasts sourced 
from underlying deposits. The facies exhibits little to no sorting, but is often reversely 
graded. Cwi occurs in beds that range from approximately 0.5m to 5m in thickness. 
Spatially, the deposits occur around the distal alluvial fan, where the fan interacts with the 
deposits of the distal basin. Facies Cwi occurs most notably at 10m from the base of the 
Potash log.  
Interpretation: the texture of the facies suggests deposition within a debris flow. The 
containment of larger clasts with relation to surrounding deposits, and the reverse grading, 
is comparable to the debris flow snout facies (Crg; Section 3.2.2).  The lack of matrix-
support is interpreted as having occurred due to wind winnowing. Debris flow snouts occur 
at the front of the flow, and are deposited within the distal parts of the alluvial fan system.  
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The fringe of the debris flow can interact with wind-blown environments, which leads to 
the wind-driven removal of fines throughout the facies. This superimposes a clast-
supported architecture throughout the deposits. Similar clast supported conglomerates 
can be observed in the alluvial fans of the Atacama Desert, Chilie (De Haas et al. 2014).  
Predominately clast-supported conglomerate facies – Cwa  
Description: facies Cwa (Figure 5.3) has a similar architecture to facies Cwi. The clasts 
are pebble- to boulder-grade, red-brown, and rounded to sub-rounded. Again, the 
deposits are poorly sorted and reversely graded. The facies is predominately clast 
supported, with only a small proportion of silt-grade matrix material. The thickness of the 
beds is between approximately 0.5m and 5m, and the facies occurs mainly within the 
distal extent of the alluvial fan, for examples the deposits at 24m within the Potash log, 
which are overlain by fine-grained flood deposits.  
Interpretation: the architecture of facies Cwa suggests initial deposition along the debris-
driven alluvial fan fringe. The predominant clast-supported architecture can be attributed 
to water-driven winnowing. Distal, and perpendicular, fluvial systems cross-cut the fan toe 
environment which results in the partial removal of the matrix component of the debris-rich 
flow. The winnowing of the debris flow is only partial because the infiltration of the fluvially-
driven water causes an increase in the cohesive nature of the matrix. As a result of this, 
only the coarser component of the matrix is removed. The matrix residue is mostly silt-
grade, which suggests that the fluvial environment was low- to medium energy. Similar 
facies have been observed within the modern day Illgraben fans, Switzerland (Berger et 
al. 2011). 
Stratified conglomerate facies – Cst  
Description: the clasts in facies Cst range from pebble- to boulder-grade, and are 
predominantly supported in a fine- to medium-grained sandstone matrix (Figure 5.4). 
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The clasts are red to brown, are usually well-rounded, and intraformational. The deposits 
are poorly sorted, and exhibit a normally graded architecture. The deposits grade from 
poorly sorted conglomeratic sediments to parallel-bedded sandstone within a single bed. 
Beds of the facies are between approximately 1m and 5m in thickness. The facies occurs 
throughout the entirety of the zone of interaction between the alluvial fan and the distal 
extent of the basin. It is most notable between 11m and 13m within the Gooseneck logged 
locality.  
Interpretation: the fining upwards from a basal conglomerate into parallel bedded 
sandstone suggests a process of reworking through a static water body. The facies 
represents deposition of debris flows into a relatively shallow standing body of water, 
which led to subsequent gravitational settling through the water body. Similar stratified 
conglomerate facies are observed in Late Holocene debris flow processes in Lake Assom, 
Cameroon, (Giresse & Naas 2014).  
5.2.2 Water-flow driven alluvial fan to distal basin 
The proximal basin can also be characterised by deposition from water-driven flows 
(facies outlined in section 3.3.1). These deposits interact with the processes that dominate 
the contemporaneous deposits of the distal extent of the basin. The following facies relate 
to deposits observed within the zone of interaction, and are independent of the undivided 
Cutler Group and the sub-divisions observed in the distal part of the basin.   
Reworked well-sorted sandstone facies – Srw  
Description: facies Srw is a fine- to medium-grained, pale yellow to orange sandstone. 
The deposits are well-sorted and well-rounded (Figure 5.5). The facies occurs in relatively 
thin beds which range from approximately 0.1m to 0.5m in thickness. The predominant 
internal architecture of the facies is parallel laminations, which occasionally exhibit primary 
current lineations. 
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Adhesion ripples can be observed occasionally on the top surface of each bed. The facies 
occurs throughout the medial and distal portions of the basin, the best example can be 
observed between 22m and 25.5m in the Shafer Trail log.   
Interpretation: the pale yellow to orange colouration of the facies, in addition to the well-
sorted and well-rounded nature of the grains, suggests an aeolian source. The presence 
of primary current lineation within the facies suggests a reworking of these aeolian 
sediments through high-energy, water-rich processes. In addition to this, the adhesion 
rippling indicates a degree of liquid within the system, suggesting that the aeolian 
sediments have been reworked through a flooding event, most probably sourced from a 
proximal fluvial system. Similar reworked sandstone facies have been observed within the 
Late Pleistocene to Holocene Morava River sediments, from the Lower Moravian Basin, 
Czech Republic (Kadleo et al. 2015).  Similar sedimentary architectures have also been 
interpreted from surface imagery of the Gale Crater, Mars (Kite et al. 2012).  
Convoluted well-sorted sandstone facies – Scw  
Description: facies Scw is pale yellow to orange (Figure 5.6). The deposits exhibit 
medium- to good-sorting and the grains are well-rounded. The facies is convoluted in 
nature, and this deformation leads to the deposits interacting up-section with the deposits 
of the overlying beds, as such, the facies exhibits abundant load structures. The thickness 
of the deposits ranges from approximately 0.5m to 5m. The facies is mainly exposed 
throughout the distal part of the basin, for example, between 115m and 117m in the 
Gooseneck locality.  
Interpretation: the nature of the facies, including the pale yellow to orange colouration 
and well-sorted and well-rounded architecture again suggests an aeolian source of the 
deposits. The convolutions, and the interaction of the deposits with the overlying 
sediments, suggest soft-sediment deformation.  
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This indicates that water influxed into the system either through a rise in the water table, 
through secondary interactions with fluvial systems, or through a marine incursion. The 
deformation occurs at a later stage, after the re-establishment of the dune systems, which 
then rapidly migrated over the wet sediment. Similar convoluted sandstones are 
commonly observed throughout the Jurassic-aged Navajo Formation of the Paradox 
Basin, western U.S.A. (Chan & Bruhun 2013).  
Flow stratified sandstone facies – Sfs  
Description: facies Sfs is yellow, purple or red. It comprises very fine- to medium-grained 
sandstone and the sediment is moderately well sorted and moderately well rounded 
(Figure 5.7). The deposits are commonly horizontally laminated, but occasional low-angle 
laminae are also apparent. In addition to this, symmetrical ripples are present throughout 
the strata. The deposits range between approximately 0.5m and 1m in thickness, and 
occur throughout the medial and distal basin. Most notably, these deposits occur between 
88.5m and 90m within the Shafer Trail logged locality.  
Interpretation: The internal architecture of facies Sfs suggests a reworking of water-
driven flow deposits through a static water body. The grain size indicates that the water-
rich flow was relatively mature, which can potentially indicate that the water-flows that are 
stratifying the sediment were fluvial in origin. The horizontal laminations relate to 
secondary gravitational settling through the static water body, and the presence of 
symmetrical ripples suggests an oscillatory fluid motion throughout deposition, which 
could be attributed to wind agitation on the surface of a water body, which can cause 
movement through oscillatory waves. Similar sedimentary architectures are observed 
within the Late Jurassic Morrison Formation, Utah (Jeffery et al. 2011).    
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5.2.3 Additional interaction facies 
Depositional environments that are not attributable to water and debris driven flows also 
occurred within the Cutler Group of the Paradox Basin. These interactions led to the 
development of additional unique architectures throughout the deposits of the zone of 
interaction. The identified facies are detailed in the following section. 
Rippled parallel-bedded sandstone facies – Srp  
Description: the deposits of facies Srp are light-brown to purple, fine- to medium-grained, 
moderately sorted and moderately well-rounded (Figure 5.8). The main internal 
architecture is horizontal and parallel bedding. Symmetrical ripple laminations occur 
throughout the facies, and the abundance of such makes it distinguishable from facies 
Spb. The facies ranges between approximately 0.5m and 5m in thickness, and exposures 
are relatively rare. Where the facies does occur it is exposed throughout the medial and 
proximal-most distal parts of the basin. The facies is discontinuous, and commonly 
pinches out over a distance of approximately 5m to 35m.  The full thickness of the facies 
can be observed between 45.5m and 47m within the Lockhart Sand dune logged locality. 
Interpretation: the sedimentary architectures suggest that deposition occurred through 
the gravitational settling of sediment through a static water column, in a similar fashion to 
facies Spb. The symmetrical ripples preserved within facies Srp indicates that the water 
body was almost continuously agitated by air flow during deposition which would have led 
to oscillatory waves on the surface of the water body. Rippled parallel bedded sandstones 
have been reconstructed within experimental flume tank experiments (Perillo et al. 2014).  
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5.3 Facies associations 
Facies associations that pertain to the alluvial fan environment are described in section 
4.1. The majority of these facies associations occur within the zone of interaction, in 
addition to other unique and localised associations, formed as a result of sediment 
interaction in the zone of transition from the proximal and distal extents of the Paradox 
Basin. 
5.3.1 Debris-flow dominant proximal basin 
The alluvial fan environment was episodically dominated by debris-driven processes, 
which interacted with the contemporaneous and sub-divided environments within the 
distal extent of the basin. The associations comprise facies identified within the proximal 
basin (Section 3.3), the distal basin, and the facies observed within the zone of 
interaction.  
Wind-Winnowed debris flow association – WiD  
The wind-winnowed debris flow association (WiD) comprises facies Cms, Crg and Coc 
(Section 3.3.2), which represent the debris-driven element of the association (Figure 5.9). 
Facies Sws and Sps (Section 3.3.3) are also present within WiD indicating that wind-
blown environments were active during deposition. The facies association occurs at the 
point of interaction between the distal extent of the alluvial fan base and the deposits of 
the distal part of the basin, within the zone of interaction. The facies association can be 
observed between 8.5m and 10.25m in the Potash locality. 
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Facies Cwi occurs around the distal fringe of the debris-driven facies. This suggests that 
the wind-blown processes were interacting with the distal fan toe. The lack of fine-grained 
matrix within facies Cwi, as well as the close association of the deposits with facies Cms, 
Crg, Coc, Sws and Sps, suggests that the fine-grained component of the debris-flow 
deposits were removed through the process of wind winnowing.  
Water-Winnowed debris flow association – WaD  
The water-winnowed debris flow association (WaD) comprises facies Cms, Crg and Coc 
(Section 3.3.2), which represent the debris flow component of the association (Figure 5.9). 
Facies Cif, Spl, Stx and Spx (Section 3.3.1) are also identifiable within the association, 
suggesting that fluvial systems were present during deposition. The facies occurs 
throughout the zone of interaction between the debris-rich portion of the distal fan base 
and the distal extent of the basin. The most notable occurrence of the facies is between 
20.5m and 24.5m within the Potash log.  
Around the fringe of the debris-driven deposits, facies Cwa is present. This suggests that 
the relatively more distal fluvial systems interacted with the debris flow deposits, and the 
water from these systems partially infiltrated into the somewhat permeable debris deposits 
of the fan. This caused the removal of most of the fine-grained material that comprised the 
matrix support. A proportion of silt-grade matrix remains. This water-winnowing led to a 
clast supported architecture around the point of debris-fluvial interaction.  
Coarse subaqueous wedge association – CW  
The coarse subaqueous wedge association (CW) is formed from facies Cms, Crg and 
Coc (Section 3.3.2), suggesting the debris flows, and related sedimentation, were active 
at the time of deposition (Figure 5.9). Grading laterally from the debris flow deposits, 
facies Cst occurs. Due to the direct spatial relationship between the debris flow deposits 
and facies Cst, it is probable that Cst is the reworked variant of the debris-rich deposits. 
The association occurs throughout the medial part of the basin, and the proximal-most 
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part of the distal basin, most notably within the Gooseneck logged locality, between 10.5m 
and 13m.  
Facies Spb and Sfpl (Section 3.3.3) interact with facies Cst, and the associated debris 
driven deposits. Facies Spb and Sfpl relate to deposition within a lacustrine environment. 
It is interpreted that Cst depicts the subaqueous reworking of conglomerates sourced 
from the fan related debris flows, where the most distal extent of the fan was deposited 
into still standing lacustrine systems. The reworking resulted in a coarse-grade clastic 
wedge which is commonly normally graded, formed as a result of the deposits settling 
through the water column.  
Flooded debris-flow association – FD  
The basin-proximal component of the flooded debris-flow association (FD) represents 
debris-flow deposition, and is formed from the facies Cms, Csc, Crg and Coc (Section 
3.3.2). The complete nature of the debris flow suggests that the reworking of the deposits 
was minimal (Figure 5.9). This also indicates that debris flows were the most dominant 
mode of deposition within the alluvial fan throughout the formation of the association. The 
association occurs throughout the zone of interaction, when the alluvial fan was debris-
driven, and interdigitated with water-rich environments of the distal part of the basin. The 
flooded debris-flow association can be observed between 3m and 10.5m within the Moab 
log.  
Facies Lmi, Lfb, Lpw and Lmi (Section 3.3.4) are present, and interbedded with the 
deposits of debris flows, suggesting an interaction with marine environments of 
deposition. These limestone-rich facies occur both on the top of the debris-deposits, and 
spatially towards the distal extent of the basin. The association suggests that marine 
incursions infiltrated into the basin, flooding the surface of the debris flows, and depositing 
limestone-rich sediment bodies.  
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5.3.2 Water-flow dominant proximal basin 
During periods where water input into the basin was elevated water-flow processes 
dominated the alluvial fan environment. These fluvial systems interacted with 
contemporaneous environments in the distal extent of the basin, and these interactions 
resulted in unique sedimentary facies associations within the zone of interaction. The 
facies associations consist of a combination of the facies observed within the proximal 
basin (Section 3.3), the distal extent of the basin, and the facies observed in the zone of 
interaction.  
Flooded aeolian association – FA  
The flooded aeolian association (FA) comprises intercalated strata of facies Sws and Sps 
(Section 3.3.3), which relate to aeolian deposition, and facies Sfpl (Section 3.3.1), in 
addition to sporadic occurrences of facies Cif, Spl, Stx and Spx (Section 3.3.1), which all 
relate to fluvial modes of deposition. The association occurs throughout the zone of 
interaction in the Paradox Basin, most notably at the Shafer Trail locality, between 22m 
and 30m. The association suggests that aeolian environments were present during 
deposition, and these cyclically alternated with influxes of fluvial systems. This led to 
either intermittent flooding surfaces throughout the aeolian deposits, or the fluvial 
reworking of the aeolian sand (Figure 5.9).  
If flood events, sourced from the proximal fluvial systems, propagated over the aeolian 
erg, the water influx would have hindered the wind-blown depositional mechanisms. A 
proportion of the aeolian deposits are preserved within the association, but these are 
isolated between fine-grained flood sedimentation (Facies Sfpl). In proximity to the fluvial 
channel-related facies, the aeolian sediments are reworked by the water-flows, which are 
derived from both the fluvially-driven flood-events and within the fluvial system itself. This 
results in the occurrence of facies Srw, which displays common flow-architectures, whilst 
retaining the typical well-sorted, well-rounded aeolian texture of the sandstone. As flood 
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deposition was commonly rapid during wetter periods, facies Scw often occurs throughout 
association FA. This indicates a rapid reworking of the distal aeolian environments. 
Subaqueous wedge association – SW  
The subaqueous wedge association (SW) comprises facies Cif, Cef, Spl, Stx and Spx 
(Section 3.3.1), which relate to fluvially-driven depositional processes. These facies grade 
into facies Spb (Section 3.3.4) and Sfpl (Section 3.3.1) which suggests the presence of a 
lacustrine system at the time of deposition (Figure 5.9). Facies Sfs is present and links the 
fluvial and lacustrine deposits. This suggests that the fluvial sandstones became reworked 
during interactions with the lacustrine system. Facies association SW occurs throughout 
the medial part of the basin, as well as throughout the proximal-most part of the distal 
basin. It is best observed between 87m and 90.25m at the Shafer Trail locality.  
The association suggests that the fluvial systems frequently charged the small-scale 
lacustrine environments that occurred in the distal extent of the basin. As the fluvial 
systems are commonly poorly developed and ephemeral, it suggests a seasonal cyclic 
recharge of the lacustrine setting. As well as recharging the aqueous content, the fluvial 
systems also recharged sediment input, leading to the accumulations of stratified small-
scale subaqueous clastic wedges. 
5.3.3 Additional facies associations 
As well as the debris- and water-dominant processes that occurred within the alluvial fan, 
wind-driven environments also occurred, mainly at the fan toe. These wind-driven 
environments are formed from the facies observed within the alluvial fan (Section 3.3), 
facies that occur within the distal basin, and the facies of the zone of interaction.  
Wind-driven lacustrine association – WL  
Facies association WL consists of aeolian erg environments, as represented by facies 
Sws, as well as both wet (Facies Sar) and dry (Facies Spt) interdune deposits, as 
described in section 3.3.3. In addition to this, lacustrine environments are indicated by the 
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presence of facies Sfpl (Section 3.3.1) and Spb (Section 3.3.4). Facies Srp is 
interdigitated with facies Spb and facies Sfpl (Figure 5.9). The wind-driven lacustrine 
association occurs throughout the zone of interaction, such as between 31.5m and 33.5m 
within the Lockhart Sand dune logged locality. This suggests that the wind-dominant basin 
acted as a source of sediment for the lacustrine environment as well as causing agitation 
throughout the water column, which led to wind rippling, and the presence of symmetrical 
ripples within the parallel-bedded lacustrine sediments.  
5.4 Facies Models 
The facies associations highlight facies relationships created by the interaction of the 
environments that dominated the alluvial fan with contemporaneous environments of the 
distal extent of the basin. These interactions also display an abundance of three-
dimensional architectures, an understanding of which is imperative for understanding the 
deposits of the zone of interaction.  
5.4.1 Debris-driven alluvial fan to distal basin 
The alluvial fans of the proximal part of the basin were often dominated by debris-driven 
transport mechanisms during deposition (Section 4.5). Whereas a high proportion of 
resultant deposition occurred within the fan apex, or on the surrounding piedmont zone, 
occasional debris flows propagated out as far as the zone of interaction. These debris-
flows interacted with contemporaneous environments within the distal extent of the basin.  
Debris-flow – aeolian interaction facies model 
Debris-driven deposits episodically controlled deposition within the distal fan toe, with 
intermittent, but mature, fluvial systems which represent a fluvial lag from previous water-
controlled alluvial fan systems. During the deposition of this facies model, the distal basin 
is dominated by aeolian erg systems, and related erg edge sandsheets (Figure 5.10). 
Intermittently within the aeolian environments there is evidence of long-standing wet 
interdunes, which were fed by established fluvial systems.  
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Figure 5.10. Debris flow – aeolian interaction facies model. The interacting nature of the wind-
blown aeolian systems and the debris flows led to a winnowing of the finer grained component of 
the flow. This results in to an elevated permeability along the debris flow fringe. The palaeocurrent 
analysis shows that the debris and fluvial environments of the fan were transported towards the 
southwest away from the Uncompahgre Uplift, and the aeolian environments were transported in a 
perpendicular fashion to this. The base model displays a close up of the system, as highlighted by 
the red outline on the above image.  
Data points: 12  
Mean: 231.67°  
Standard deviation: ±19.06° 
Data points: 8  
Mean: 153.05°  
Standard deviation: ±17.53° 
Data points: 21  
Mean: 218.89°  
Standard deviation: ±29.54° 
Debris Aeolian Fluvial 
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Within the distal Cutler Group, more specifically within the deposits of the Cedar Mesa 
Sandstone and lower Organ Rock Formation, the interdunes are represented by flora-rich 
carbonate accumulations. This supports the idea that the interdunes were persistent and 
long-standing features within the system. 
The interaction of the wind-driven aeolian environments with the debris-flow systems of 
the fan led to a degree of wind-winnowing. The process of winnowing led to the removal of 
the matrix component of the conglomeritic deposits, and superimposed a clast-supported 
architecture throughout the sediments. The process of winnowing occurred on the 
exposed surface of the debris flows, so this clast-supported architecture occurs along the 
flow front, the sides of the flow, and the exposed top surface of the debris-rich deposits.  
Deposition of the debris flow element within the interacting environments occurred as a 
lobate geometry which stood proud above the basin floor. The distal aeolian systems 
infilled the accommodation space of the distal extent of the basin progressively. This led 
to the juxtaposition of younger aeolian sediments against the older debris-rich deposits. 
Palaeocurrent analysis of the deposits indicates that the debris flows were transported in 
a radial fashion, but have an overarching south-west trend. This suggests that the flows 
were sourced from the Uncompahgre Uplift. The fluvial systems also have palaeocurrents 
trending towards the southwest, showing a similar source area to the debris flows.  The 
palaeocurrent indicators of the aeolian systems suggest a southeast trend. Therefore, the 
wind direction that was driving dune-migration was active perpendicular to the debris flow 
front. This perpendicular nature allows for the fluvial systems to easily feed the wet 
interdunes.  
Debris flow – fluvial interaction facies model 
The debris dominant alluvial fan system also interacted with fluvial systems, which 
developed throughout the distal extent of the basin. These relatively mature fluvial 
systems interacted with both the fringe and sides of the fan, and occasionally led to the 
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arrested development of the fan system (Figure 5.11). Where the debris-flow deposits 
interacted with the water-driven fluvial environments, it resulted in a degree of water-
winnowing. This water-winnowing led to the partial removal of the matrix from the 
conglomeritic debris deposits.  
As the water infiltrated into to the deposits, it led to an increase in the cohesive nature of 
the matrix, and as a result of this, a residue of mud-grade sediment remains as a sporadic 
matrix. It appears common for the perpendicular fluvial systems to have reworked a 
proportion of the debris-flow toe. The palaeocurrent analysis of the debris flow deposits 
indicates radial deposition in a general southwest direction. There are two dominant fluvial 
palaeocurrent directions apparent within these interacting deposits. The first trend is east 
to east-southeast, which cut off deposition at the toe of the radial debris flow deposits. 
This almost completely stunted the progradation of the debris-flows. The second trend is 
south-east to south-southeast, which runs perpendicular to the debris deposits. This 
suggests that fluvial systems also affected the growth of the debris-rich fan fringe at the 
sides of the depositional body.  
Debris flow – lacustrine interaction facies model 
Proximally driven debris flow deposits of the fan are observed interacting with small-scale 
ephemeral lacustrine systems that formed within the distal part of the basin, and within 
depressions on the distal fan surface (Figure 5.12). Where the debris-driven deposits met 
the controlling slope of the lacustrine system, the deposits became remobilised and 
reworked through the shallow water body. The debris flows that dominated the proximal 
extent of the basin are commonly reversely graded, with an accumulation of coarser clasts 
at the top, sides and front of the flow. The debris-flow deposits became reworked as the 
flow influxed into the standing water of the lacustrine system. As these reworked deposits 
settled through the water column the deposits became normally graded. 
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Figure 5.11.Debris flow – fluvial interaction facies model. Where the water-driven systems came 
into contact with the debris-rich flows, the water influx led to a degree of water winnowing, and a 
removal of fines along the debris-flow fringe. The palaeocurrent data indicate that these fluvial 
systems occur perpendicular, or along the sides of, the debris flow deposits. The separate fluvial 
systems are defined by differing facies, which pertain to different sizes of the systems. The base 
image is representative of a close up of the debris flow fringe, as marked by the red outline. 
Data points: 12  
Mean: 231.67°  
Standard deviation: ±19.06° 
Data points: 4  
Mean: 99.53°  
Standard deviation: ±9.61° 
Data points: 17  
Mean: 147.96°  
Standard deviation: ±15.46° 
Debris Fluvial Fluvial 
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Figure 5.12. Debris flow – lacustrine interaction facies model. Where the debris flows deposited 
into still-standing lacustrine settings, the coarse-grained deposits settled out of suspension, with 
the finer grained sediments depositing last. The palaeocurrent data suggest that the debris flows 
were sourced from the Uncompahgre Uplift. The basal image displays a close up of the overall 
system, as highlighted by the red outline on the top image.  
Debris 
Data points: 12  
Mean: 231.67°  
Standard deviation: ±19.06° 
Data points: 30  
Mean: -12.08° (Bimodal) 
Standard deviation: ±26.43° 
Debris Lacustrine 
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The finer grained component of the flow was held in suspension in the slightly agitated 
water, and gravitationally settled over time. The reworking of the deposits led to an 
accumulation of clast-supported conglomeritic deposits along the lacustrine margin. The 
debris flow deposits show a radial southwest trending palaeocurrent. The occasional 
ripples that occur throughout the lacustrine ponds are symmetrical, and were probably 
derived through wind-driven oscillations reaching the lacustrine floor. The symmetrical 
ripples display a west-southwest to east-northeast bidirectional palaeocurrent trend. The 
symmetrical nature of the ripples indicates that the lacustrine body had a significant water 
depth to propagate wind-driven oscillations to the lacustrine floor.  
5.4.2 Water-flow driven alluvial fan to distal basin 
When there was an elevated water influx into the alluvial fan system, water-driven 
systems dominated deposition in the proximal part of the basin. The interaction of these 
water-driven processes with contemporaneous depositional environments in the distal 
extent of the basin has led to the development of unique architectures within the zone of 
interaction.   
Water-flow – aeolian interaction facies model 
Immature braided fluvial systems commonly inundated the fan surface and extended to, 
and occasionally beyond, distal fringe of the alluvial fan. These braided fluvial systems 
interacted with poorly developed distal aeolian environments (Figure 5.13). The braided 
fluvial systems are often ephemeral, and this seasonal recharge led to the periodic 
flooding of the aeolian environments of the distal part of the basin, leading to a high 
proportion of overbank sedimentation within the transitional zone. The palaeocurrent data 
from the fluvial deposits suggest a southwest trending system, with a relatively large braid 
plain. These palaeocurrent data suggest that the immature ephemeral fluvial systems 
were sourced from the Uncompahgre Uplift, with a similar trend to the debris deposits. 
This indicates that they were a vital component of the alluvial fan development.  
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Figure 5.13. Water flow - aeolian interaction facies model. The braided fluvial systems flooded 
the aeolian plain leading to isolated pods of preserved aeolian sediments. The palaeocurrent 
data show that the fluvial and aeolian systems ran perpendicular to each other. The basal image 
displays a close up of the system, as highlighted by the red outline on the top image.  
Data points: 21  
Mean: 218.89°  
Standard deviation: ±29.54° 
Data points: 8  
Mean: 153.05°  
Standard deviation: ±17.53° 
Fluvial Aeolian 
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The distal aeolian system trends towards the southeast, perpendicular to the south-
westerly fluvial systems. The perpendicular nature of the system creates preferential 
pathways for the water-rich flows to infiltrate between the dune forms. These water 
pathways facilitated the lateral extent of the flood events throughout the aeolian system, 
and recharged long-standing wet interdune environments 
Water-flow – lacustrine interaction facies model 
The fluvial systems that dominated the proximal part of the basin charged the shallow 
lacustrine ponds that occurred within the distal extent of the basin and within depressions 
on the distal fan surface (Figure 5.14). At the point that the fluvial systems influxed into the 
lacustrine environment, there is evidence that the fluvial sediments became reworked 
through the standing water of the lacustrine body. In proximity to the lacustrine margins, 
the infiltrating fluvial system deposited the coarse-grained component of the flow. The 
architecture of these coarse-grained sediments displays a wedge-like, normally graded, 
geometry. Further into the lacustrine system, the sediments derived from the fluvial influx 
became flow stratified, and contain low-angle cross-bedded units which are again, 
normally graded. The top of each depositional cycle is marked by the occurrence of 
symmetrical ripples, derived from the effect of wind-driven processes creating oscillations 
within the water column. At the front of these small-scale, subaqueous fans, there is often 
an accumulation of relatively coarser grade clasts.  
Palaeocurrent measurements of the fluvial deposits suggest a south-west trending flow of 
the fluvial systems. This suggests that the system was sourced from the Uncompahgre 
Uplift, and formed part of the alluvial fan. The subaqueous fans follow a similar trend to 
the fluvial deposits. The occasional symmetrical ripples that occur throughout the 
lacustrine deposits have a bimodal west-southwest to east-northeast palaeocurrent. This 
is also reflected by the symmetrical ripples on the surface of the subaqueously reworked 
fluvial deposits.  
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Figure 5.14. Water flow - lacustrine interaction facies model. When the fluvial systems influxed 
into the lacustrine depositional setting, small-scale, subaqueous wedges formed. These wedges 
commonly form a coarse-grained drape along the fringe of the lacustrine system. The 
palaeocurrent data suggest that the fluvial systems were sourced from the Uncompahgre Uplift. 
The basal image displays a close up of the system, as highlighted by the red outline in the top 
image.  
Data points: 21  
Mean: 218.89°  
Standard deviation: ±19.06° 
Data points: 30  
Mean: -12.08° (Bimodal) 
Standard deviation: ±26.43° 
Fluvial Lacustrine 
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5.5.3 Additional facies models 
In addition to water-flow dominant and debris-flow dominant environments, which 
occurred throughout fan development, other, fan related, depositional environments led to 
additional interactions throughout the zone of interaction. 
Aeolian – lacustrine interaction facies model 
Deposition within the fan system is occasionally dominated by small-scale aeolian 
systems that develop on quiescent lobe surfaces, or within inter-lobe depressions in the 
distal fan toe. In the Paradox Basin these small-scale aeolian systems interacted with 
long-standing lacustrine systems within the distal part of the basin (Figure 5.15). The 
lacustrine systems appear to have been fed by ephemeral fluvial systems, which provided 
the majority of sediment source to the system. Where these lacustrine environments 
interacted with the small-scale aeolian systems there was an elevated influx of well-
sorted, well-rounded aeolian deposits into the water body. The signature of this sediment 
influx is evident within beds with similar sedimentary architectures to the parallel-bedded 
lacustrine deposits.  
The aeolian systems have an overriding easterly palaeocurrent, whereas small 
fluctuations, from the west-northwest to the west-southwest, represent the transverse 
nature of the aeolian dune forms. The symmetrical lacustrine ripples trend west-southwest 
to east-northeast, signifying that these were controlled by the same dominant wind that 
facilitated the formation of the aeolian system.  
Proximal – Marine interaction facies model 
There is evidence of marine incursions within the Paradox Basin throughout the early 
Permian Period. There are indications that the incursions encroached as far into the basin 
as the zone of interaction and the Salt-Mini-Basin Province. Where these marine systems 
interacted with debris-driven and fluvial-driven environments a state of retrogradation was 
forced onto the fan system. Where the marine incursions interacted with aeolian deposits 
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it led to significant flooding surfaces, which are evident throughout the deposits. After the 
marine systems regressed, fluvial systems commonly dominated from the proximal basin, 
and this led to the reworking of the present carbonate deposits, resulting in the presence 
of calcarenite deposits (Facies Slc). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.15. Aeolian – lacustrine interaction facies model. This interaction leads to an increase in 
wind-blown architectures at the base of the lacustrine environment, but seldom leads to a marked 
effect on permeability. The palaeocurrent data suggest that these lacustrine environments are 
often affected by the dominant wind-trends of the aeolian systems.  
Data points: 18  
Mean: 258.81°  
Standard deviation: ±22.08° 
Data points: 30  
Mean: -12.08° (Bimodal)  
Standard deviation: ±26.43° 
Aeolian Lacustrine  
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5.5 Spatial relationships in the Zone of Interaction 
In outcrop, the dominance of each depositional environment changes throughout the zone 
of interaction. The most notable change is in fluvial dominance, which reduces in 
magnitude from the point of interaction with the alluvial fan system. The unique 
architectures caused by the interaction of the alluvial fan and subdivided distal formations 
decrease with distance from the alluvial fan system into the basin centre. The temporal 
evolution of the environmental interactions throughout the zone of interaction depended 
upon the cyclicity evident throughout the deposits, as detailed further in chapters Six and 
Seven. Additional interpreted panel diagrams are displayed within Appendix C.  
5.5.1 Proximal zone of interaction 
The environments of deposition of the zone of interaction that occurred within proximity to 
the alluvial fan toe are highly varied in nature (Figure 5.16). The elevated amount of fluvial 
deposits suggests that fluvial systems frequently dominated over distal lacustrine and 
aeolian depositional systems. Occasional shallow marine carbonate accumulations 
occurred intermittently. The fluvial systems range from small-scale, immature braided 
channels to larger scale, more mature and established channels. Numerous small-scale 
channels occur throughout the outcrop, and there are indications that the channels 
accreted rapidly during deposition, which suggests an immature fluvial system. The small-
scale channels are segregated by accumulations of fluvial overbank deposits showing that 
the channels were periodically flooded. Occasional large-scale channel forms also occur 
throughout the exposure. There is also a significant lack of related overbank deposits.   
Aeolian deposits are prominent throughout the proximal portion of the zone of interaction. 
The accumulations of aeolian sediment occur intermittently with relatively prominent 
interdune deposits. The architectures of these deposits indicate that the interdunes were 
wet and inundated with shallow standing water during deposition.  
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Figure 5.16. Interpreted panel diagram of the deposits of the proximal part of the zone of interaction. The underlying panel photograph was taken at the Potash – Gooseneck locality. The panel interpretation shows the highly variable 
nature of the deposits that form the most proximal extent of the zone of interaction, which represents the transition between the alluvial fan sediments and the sub-divided deposits of the distal basin. The schematic logs show the 
interactions between the fluvial, fluvial overbank, aeolian, interdune, lacustrine, subaqueous fan and marine environments of the proximal zone of interaction. The schematic logs are correlated to show how the environments link in 
outcrop.  
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The interdune deposits occur more frequently than those in the medial and distal parts of 
the zone of interaction. The positioning of these deposits in proximity to fluvial and 
floodplain sediments suggest that the ephemeral influx of these fluvial systems into the 
aeolian erg led to the development of persistent wet interdunes throughout the system. 
The wet interdunes led to a periodic shutting off of dune growth, and an introduction of 
fine-grained sediments between the aeolian facies.  
Periodic accumulations of lacustrine sedimentation are also evident throughout the 
proximal zone of interaction. These lacustrine systems were commonly fed by the 
aforementioned ephemeral fluvial systems. Where these fluvial environments have 
influxed into the shallow water of the lacustrine setting, small-scale subaqueous clastic 
fans have developed. Beds of carbonate deposits also occur throughout the outcrops. 
These carbonates represent a shallow marine environment of deposition, caused by one 
of the marine incursions that have been recognised throughout the early Permian Period.   
5.5.2 Medial zone of interaction 
Throughout the medial portion of the zone of interaction, the observed environments of 
deposition are less variable than those of the proximal part of the zone of interaction 
(Figure 5.17). This suggests that the depositional environments became more established 
with distance from the highly changeable and dynamic fan toe. The medial zone of 
interaction comprises fluvial, lacustrine, subaqueous fan, aeolian, damp interdune and 
shallow marine environments. The fluvial systems occur with less magnitude than those 
within the proximal zone of interaction but they are better established, further incised and 
more prominent within the deposits.  
The beds of the aeolian deposits are prominent throughout the medial exposures of the 
zone of interaction. Occasional interdunes interrupt the aeolian system, but they are less 
extensive, and the aeolian bodies are linked through gaps within these interdune systems. 
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Figure 5.17. Interpreted panel diagram of the deposits of the medial part of the zone of interaction. The underlying panel photograph was taken at the Hurrah Pass – Loackhart locality. The panel diagram of the medial zone of 
interaction shows that the environments of deposition are more stable, and sub-divided to a greater degree than the proximal deposits. The panel interpretation shows the highly variable nature of the deposits that form the medial 
extent of the zone of interaction, which represents the transition between the alluvial fan sediments and the sub-divided deposits of the distal basin. The schematic logs show the interactions between the fluvial, aeolian, interdune, 
lacustrine, subaqueous fan and marine environments of the medial zone of interaction. The schematic logs are correlated to show how the environments link in outcrop.  
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There is an abundance of adhesion ripples throughout the interdune sediments which 
indicates that the interdunes were damp. The placement of the interdune environments 
with distance from the ephemeral fluvial systems led to a decrease in the amount of water 
within the system.  
Deposits that relate to lacustrine settings are prominent throughout the exposures, and 
are commonly linked to occurrences of the slightly better established fluvial systems. It is 
assumed that these fluvial systems fed the lacustrine bodies, and in a similar sense to the 
deposits in the proximal zone of interaction led to the development of small-scale clastic 
subaqueous fans, which formed around the edge of these lacustrine environments. In 
addition to this, carbonate deposits are also present, representing shallow marine 
deposition.   
5.5.3 Distal zone of interaction 
In the distal area of the zone of interaction the deposits are sub-divided into distal 
environments of deposition (Figure 5.18). The environments cycle between mature fluvial, 
aeolian, dry interdune, lacustrine and shallow marine environments, in addition to 
occasional evidence of the development of palaeosols. The fluvial systems are better 
developed than those in both the proximal and medial portions of the zone of interaction. 
The systems are further incised, and the channel fill is more representative of a mature 
fluvial system. Additionally, the fill of these fluvial systems comprises well-sorted, well-
rounded sandstone, which is lighter in colour than previously observed fluvial deposits. 
This suggests that the fluvial systems reworked the aeolian sands during deposition. The 
fluvial systems are a lot more stabilised in the distal part of the basin than the proximal 
part of the basin. Despite the channel forms being isolated at outcrop scale, there is an 
observable lack of overbank deposition, suggesting that flooding events were relatively 
rare in comparison to traditional mature fluvial systems.  
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Figure 5.18. Interpreted panel diagram of the deposits of the distal part of the zone of interaction. The underlying panel photograph was taken at a locality near Lockhart Dome. The panel diagram of the distal part of the zone of 
interaction shows the distinct sub-divisions between the environments, in comparison to the increased amount of interactions observed within the proximal and medial zone of interaction. The schematic logs show the interactions 
between the fluvial, aeolian, interdune, lacustrine, subaqueous fan, marine and palaeosol environments of the distal zone of interaction. The schematic logs are correlated to show how the environments link in outcrop.  
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Aeolian deposits are prominent in the distal zone of interaction, and are well segregated 
between relatively thick interdune deposits. The architecture of the interdune suggests 
that the environment was dry throughout deposition. The dry interdune element becomes 
far more prominent with distance away from the fluvial systems that influx into the zone of 
interaction from the proximal alluvial fan environment. These dry interdunes occurred less 
frequently towards the auxiliary bounding edge of the erg, closer to distal marine 
environments.  
The lacustrine deposits are thick and continuous throughout the distal zone of interaction. 
They are also not often interrupted by fluvial systems. The top of the lacustrine deposits 
are often marked by accumulations of calcretes. This suggests that the lacustrine systems 
dried upwards over time, and this drying was followed by a period of depositional 
quiescence. This also indicates that deposition within the distal part of the zone of 
interaction was less varied and chaotic than the proximal and medial extents of the zone 
of interaction. Carbonate beds also represent occasional shallow marine incursions into 
the Paradox Basin throughout the Permian Period. 
5.6 Discussion 
The zone of interaction between the Cutler Group, Undivided and the deposits of the distal 
extent of the basin occurs between the town of Moab and the Lockhart Canyon area, 
along a proximal to distal transect. The zone of interaction is also extensive along the 
transverse section, occurring across the width of Canyonlands National Park. Due to the 
extensive nature of the deposits, the location of the interacting elements depends upon 
the location of the competing environments at the time of deposition. The sedimentary 
architectures produced by these interactions are common throughout the zone of 
interaction, but the specific location is variable depending on the fan system. If the fan is 
progradational, then the interacting elements occur further towards the distal extent of the 
basin, and if the fan is deflating, the elements are present closer to the proximal extent of 
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the basin. Interpreting the exact location of the interactions is difficult when relating the 
model to the subsurface, but the net effect on overall water flow is predictable.  
In order to produce the unique elements of the zone of interaction the individual 
environments must have persisted for extended periods of time. This suggests that the fan 
must be far reaching, but have extended periods of quiescence. For example, in order for 
the debris flow elements to become wind-winnowed, the depositional body must be 
exposed to the controlling wind for extended periods of time. This allows for the entire top 
surface of the debris flow to be extensively winnowed. For the coarse-grained 
subaqueous wedge to form, the small scale lacustrine environment must persist in the 
medial and distal extent of the basin. This allows for the fan to build up to a substantial 
thickness through time.  
The zone of interaction can also have an effect on water flow within the basin system. The 
styles of interaction that lead to the removal of the matrix from coarse-grained deposits 
can facilitate water-flow in the basin. This removal of the matrix occurs in the debris flow 
to aeolian, debris flow to fluvial, debris flow to lacustrine and water flow to lacustrine 
interactions. The water flow to aeolian interaction can compartmentalise potential distal 
reservoirs or aquifers, and can stunt fluid flow throughout the basin. This overall effect on 
fluid flow is one of the most important controlling factors on subsequent flow migration 
between the proximal and distal extent of the basin.  
5.7 Summary 
The interaction between the proximal alluvial fan deposits and the contemporaneous and 
clearly sub-divided deposits of the distal extent of the basin led to the development of 
unique localised internal sedimentary architectures. The zone of interaction of the Cutler 
Group is informally termed the ‘Arkosic Facies’. The facies that relate to alluvial fan 
deposition have been outlined in Chapter Three, and the facies of the distal subdivisions 
have been defined through previous research. Seven facies have been identified as being 
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unique to the zone of interaction, and these occur intermittently with other basinal facies to 
lead to the development of seven unique facies associations. These facies associations 
occur spatially across the basin between alluvial fan-related facies and distal basin-related 
facies. The facies models consider the environments that dominate the proximal part of 
the basin interacting with the environments of the distal extent of the basin. The facies 
models have been divided into proximal debris-driven interactions, proximal fluvial driven 
interactions and proximal aeolian interactions.  
These interactions can be observed in the outcrop geometries. Analysis of panel diagrams 
constructed from the exposures throughout the zone of interaction indicates that the 
interacting environments became less variable, and the systems stabilised, with distance 
from the point of interaction of the alluvial fan into the distal extent of the basin. The 
magnitude of the occurrence of these interactions also decreases as it grades into the 
contemporaneous sub-divided distal environments. The increase in the amount of 
palaeosol development in the distal basin suggests that deposition was occasionally 
quiescent.  
Alluvial fans themselves are often considered to be homogenous and impermeable, 
whereas typical arid continental environments provide decent reservoir and seal 
lithologies. The architectures caused by this zone of interaction can have an effect on 
basin fluid flow through the system. Winnowing, or reworking, of debris flows leads to an 
elevated permeability and the flooding of environments leads to an overall decrease in 
permeability.  
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The deposits of both the undivided Cutler Group (chapters Three and Four) and the zone 
of interaction (Chapter Five) suggest that deposition was controlled by cyclic variations. 
As the basin centre was largely isolated from marine influence at the time of deposition, 
this cyclicity can be attributed to climatic variations. The identification of the effects of 
these climatic variations facilitates an assessment of the deposits both 
chronostratigraphically and cyclostratigraphically. Such an assessment is important when 
considering the laterally discontinuous nature of the depositional environments that occur 
within continental basins.  
The depositional environments that occurred in the distal extent of the Paradox Basin 
were occasionally influenced by relative sea-level alterations, but as this marine influence 
was episodic previous workers have considered the effects of climatic alterations as well 
as these eustatic variations (Jordan & Mountney 2010, Mountney & Jagger 2004).  
The architectural elements of the undivided Cutler Group and the zone of interaction are 
controlled by both localised and regional absolute climatic changes. The absolute climatic 
cycle grades from the point of maximum humidity, through a stage of drying upwards to 
the point of maximum aridity. The curve then goes through a period of wetting upwards to 
again reach the point of maximum humidity. This chapter outlines the response of the 
architectural elements to these climatic variations. It then considers the preservation 
potential of the architectural elements as well as the extent of the depositional systems 
within the basin. There are commonly accepted problems with the use of lithostratigraphy 
within arid continental basinal settings (Howell & Mountney 1997). As such, climatic 
cyclicity will be determined in order to attempt a cyclostratigraphical correlation through 
the basin sediments in the following chapter (Chapter Seven). 
CHAPTER SIX: 
The Response of Fan-Scale Elements to Climatic Cyclicity  
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6.1 Background to arid continental cyclicity 
Both lithostratigraphy and sequence stratigraphy have limitations when applied to deposits 
within continental settings where there is influence from both autogenic and localised 
variations in sedimentation as well as larger scale allocyclic variations. These larger-scale 
allocyclic controls led to spatial and temporal variations in the depositional systems. In 
addition to this, more than one depositional system is commonly prevalent at a single, 
contemporaneous, time-period within continental basins. An example of this can be 
demonstrated through the juxtaposed sedimentation of the zone of interaction between 
the deposits of the undivided Cutler Group, and the contemporaneous deposits of the 
distal extent of the basin. The resultant deposits of these competing environments are 
often spatially localised and this lack of lateral continuity again stunts potential 
lithostratigraphical correlation.  
Another common issue with attempting lithostratigraphical correlation through the deposits 
of continental basins arises from periods of either depositional quiescence or extended 
erosion, which are not preserved within the sedimentary record (Shanley & McCabe 
1994). This results in extended periods of geological time not being represented by the 
deposits in the available exposure. This problem is exacerbated within the deposits of the 
Cutler Group as the sediments lack any reliably dateable horizons. Examples of prolonged 
periods of erosion can be identified around the Salt-Mini-Basin Province. Localised uplift 
of the underlying evaporitic lithologies of the Paradox Formation led to the formation of 
topographical highs. This prevented deposition in these localised uplifted areas. Uplift also 
facilitated the remobilisation and removal of pre-existing sediments in the area (Banham & 
Mountney 2013).  
Cyclostratigraphical models correlate on the basis of identified climate cycles within the 
deposits (Miall 1990). Climatic alterations can be identified within the deposits of the 
Cutler Group, and these alterations can be established in each of the logged sections, 
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which can then be used to interpret the cyclicity throughout the entirety of The Paradox 
Basin.  
6.2 Effects of climatic change on alluvial architectural elements 
Knowledge of climate at the time of deposition can enable the prediction of the likelihood 
of the occurrence of each of the alluvial fan architectural elements within the sedimentary 
record. Individual elements are deposited at a particular point within the absolute climatic 
cycle, and then the depositional environments of the alluvial fan evolve from that point in 
response to changing climatic conditions.  
6.2.1 Temporal prevalence of elements 
Each of the individual architectural elements recognised within the Cutler Group were 
deposited during a different point of the absolute climate cycle. An idealised climatic cycle 
grades from a point of maximum humidity, through a stage of drying upwards until the 
climate reaches a point of maximum aridity. From the point of maximum aridity the climate 
becomes progressively wetter until it again reaches the point of maximum humidity 
(Figure 6.1).  
Point of maximum humidity 
The deposition of the debris flow element occurred at the point of maximum humidity, as 
debris flow deposition requires a significant amount of fluid to be entrained within the 
loose colluvium that accumulated on the mountainous front. Occasionally, the debris flows 
were initiated during the wetting and drying upwards stages of the climatic cycle. Confined 
debris flows, or incised channel deposits were initiated in similar climatic conditions to the 
debris flow element. The incised channel deposits required a presence of pre-existing 
channel morphologies, and as a result of this, they also initiated during both the point of 
maximum humidity and during the drying upwards portion of the absolute climatic cycle, 
after fluvial systems had been established on the fan surface. 
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Deposition of the sheetflood element mainly occurred at the point of maximum humidity in 
the absolute climatic cycle as an elevated influx of water is essential to facilitate a 
sheetflood event. Lacustrine systems commonly developed within depressions on the 
alluvial fan surface, also during the point of maximum humidity. These lacustrine systems 
also persevered during the wetting upwards stage of the climatic cycle.  
Wetting and drying upwards stages 
The talus cone element was deposited intermittently throughout the entirety of the climatic 
cycle, but typical talus cone sedimentation was more prominent during the wetting and 
drying upwards portions of the cycle. During periods of maximum humidity and maximum 
aridity, deposition of the talus cone element did occur, but the resultant deposits are 
sporadic. The deposition of the sieve element requires underlying permeable and coarse-
grade morphologies. This can be achieved through underlying debris flows with a high 
primary permeability, or debris flows that have subsequently been winnowed through 
either wind-driven or water-driven processes. The need for this precise underlying 
architecture means that sieve deposits were only deposited during the wetting and drying 
upwards stages of the absolute climatic cycle.  
When there was increased water-influx into the basin debris-driven deposition became 
less common and fluvial systems began to dominate throughout the basin. In the proximal 
basin, immature braided fluvial systems were prevalent. Braided fluvial systems were 
deposited mainly during periods of wetting and drying upwards but well developed 
channels occasionally persisted through the periods of maximum aridity. Overtime, or with 
distance from the source, the fluvial systems developed and became relatively more 
mature. These more mature fluvial systems were deposited during both the wetting and 
drying upwards stages of the climatic cycle.  
Evidence of wet interdunes is present throughout the Cutler Group deposits. Interdunes 
occurred with proximity to a water-rich source, or when there was an overall rise in the 
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water-table. The wet interdunes were most commonly deposited during the wetting 
upwards stage of the climatic cycle, but they also occurred sporadically during times of 
maximum aridity.  
Point of maximum aridity  
During the point of climatic maximum aridity, aeolian systems dominated the depositional 
settings within the basin. Dry interdune deposits indicate a lack of moisture in the system, 
and deposition of the dry interdune element was common throughout periods of drying 
upwards, but was most prevalent at the point of maximum aridity. Sandsheets developed 
where there was a lack of available sediment, but the environment still facilitated 
deposition through wind-blown processes. Sandsheet sedimentation occurred during 
periods of maximum aridity as well as during both the wetting and drying upwards stages 
of the climatic cycle.  
When deposition throughout the basin was scarce, the basin floor often became 
vegetated, leading to the development of palaeosols. This development usually occurred 
during periods of maximum aridity, but also occasionally occurred during the drying 
upwards stage of the absolute climatic cycle. The development of calcrete within these 
palaeosolic horizons again supports the arid climatic regime at the time of deposition.  
6.2.2 Response of elements to climate 
After the initiation of each architectural element within the Cutler Group, the succeeding 
deposits show a response to further wetting and drying within the climate, before being 
overridden by competing depositional environments. As much as the individual 
architectural element can indicate the climate at the time of deposition, the changes in 
environment temporally can also indicate the evolving climatic signature.  
Talus cone element 
The talus cone element is dominated by the depositional processes of rock fall, rock slide 
and avalanche (Figure 6.2a). During wetter climatic cycles the debris flows became 
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relatively more prominent within the element as the increase in water content of the slope-
accumulated colluvium led to the mass destabilisation of the sediments. Rock slide and 
avalanche events were also initiated in wetter climates, but they occur with less frequency 
than during moderate climates.  
As the climate became progressively more arid, the debris-flow dominated environments 
retreated, and deposition onto the talus cone became dominated by rock falls. Rock falls 
are low-magnitude events in terms of sediment thickness. However, they occur frequently 
during more arid climates, leading to a build-up of substantial sediment thickness within 
the element. During arid periods it can be assumed that there were periods of no 
deposition, these are occasionally recorded through palaeosolic horizons.  
Debris flow element 
Debris flow deposition requires a certain degree of entrained water within the sediment of 
the flow (Figure 6.2b). As the climate became wetter more of the available colluvium was 
transported as debris-flow deposits as the increased water-content facilitated increased 
deposition. This led to a thicker, and more prominent, accumulation of the debris flow 
deposits. At the most humid point of the climatic cycle the water content outpaced the 
available sediment, and this led to the occurrence of unrestricted and multidirectional 
sheetflood events.  
As the climate entered a stage of drying, the debris flows occurred with less magnitude as 
there was not enough water to cause the mass destabilisation of colluvium. The water 
influx that did occur led to the development of immature braided fluvial systems 
throughout the basin. As the climate reached the peak of maximum aridity, palaeosols 
often developed on the surface of the debris-flow rich alluvial fan environment.  
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Incised channel element 
Geometries created by fan surface fluvial channels were often utilised by succeeding 
debris flow events (Figure 6.2c). The pre-existing channel morphologies led to the 
creation of a pre-defined pathway for the debris flows, which, in turn, leads to debris-
driven deposits that display a basally restricted architecture. In a similar fashion to the 
debris flows, an increase in humidity leads to a greater thickness of the incised channel 
deposits. The deposits are often topped with sheetflood sedimentation, which represents 
the most humid point of the climatic cycle. As the climate became drier the incised debris 
flows decreased in thickness and magnitude, and any remnant channel-forms became re-
dominated by fluvial systems. The switching of the fluvial system between to the active 
alluvial fan lobe can also result in the deposition of incised channel elements.  
Sheetflood element 
Sheetflood deposition in itself requires an elevated amount of water within the system. 
Sheetfloods are multidirectional and unrestricted, and therefore propagated over the 
entirety of the fan surface during the deposition of the Cutler Group (Figure 6.2d). As the 
climate became wetter, the sheetflood elements stacked, and as a result are more 
prominent in exposure. The deposits fined over time as less coarse-grained sediment was 
available. Eventually the sheetfloods stagnated which led to the deposition of silt-grade 
sediment. As the climate became more arid, the unrestricted flow of the sheetfloods 
stabilised into channel forms. This eventually resulted in the development of fluvial 
systems within the basin.  
Sieve deposit element 
Sieve deposits resulted from water-rich flows propagating over underlying permeable 
deposits (Figure 6.2e). This resulted in rapid deposition of the sediments, and led to an 
increase in fine-grained matrix throughout the underlying deposits. During wetter climates, 
the flows contained a greater degree of water, and therefore, propagated further 
throughout the basin. As the flow propagated over the fan system it often evolved into a 
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sheetflood event. As the climate dried, the catastrophic water flows stabilised, and 
became confined within the channelised fan surface. This led to the development of 
immature braided fluvial environments.  
Braided fluvial channel element 
Immature braided fluvial systems were a common depositional environment that occurred 
throughout the proximal part of the basin, and these episodically dominated the fan 
surface (Figure 6.2f). The channel deposits occurred intermittently with flood-plain 
sedimentation. During wetter climates there was an increase in the amount of flood events 
that dominated within the system. This subsequently led to an increase in the amount of 
preserved flood-plain sedimentation and more frequent and thicker accumulations of the 
braided fluvial deposits. As the climate reached the most humid part of the absolute 
climate cycle, debris flow events influxed into the system, and began to dominate over the 
fluvial environments.  
As the climate became drier, the fluvial systems became stabilised which led to a 
decrease in the proportion of flood events, and therefore a decrease in the amount of 
preserved overbank deposits. This is identifiable in exposure as stacked fluvial channels. 
At the point of maximum aridity there is evidence of small-scale, aeolian systems within 
the proximal part of the basin. This suggests that the braided fluvial systems dried-up over 
time due to a lack of available water.  
Mature fluvial channel element 
Within the medial and distal part of the basin the fluvial environments became better 
established and evolved progressively into more mature fluvial systems (Figure 6.2g). 
These systems can be observed through large-scale channelisation, which is identifiable 
at outcrop scale. In addition to this, there is a distinct lack of preserved overbank deposits. 
As the system became wetter there is evidence of an increased proportion of flood events. 
These flood events are preserved through an increased amount of overbank associations 
Chapter Six: The Response of Fan-Scale Elements to Climatic Cyclicity  
 
 
224 
 
within the element and the preservation of rhizolith-rich palaeosol beds. As the climate 
dried, the fluvial systems retreated and aeolian environments dominated deposition within 
the basin.  
Dune element 
Aeolian environments commonly developed throughout the medial and distal extents of 
the basin (Figure 6.3a). The dune deposits represent erg systems that developed 
throughout the basin. As the climate became progressively wetter there was an increased 
amount of water within the system which led to the development of wet interdune 
environments between the dune forms. The interdunes were commonly fed through 
encroaching fluvial systems, which were sourced from the proximal part of the basin. In 
addition to this, the wet interdunes often became vegetated which led to a degree of 
surface stabilisation. As the climate became drier throughout time, aeolian erg systems 
developed, leading to the thicker preservation of aeolian deposits throughout the basin.  
Wet interdune element 
The wet interdune elements were initiated by a basal influx of water-rich flows, which are 
preserved through coarse-grained wadi deposits. The main body of the wet interdune 
deposit contains abundant parallel-bedded strata which occasionally exhibit adhesion 
ripple structures. The upper limits of the element often display rhizolith horizons which 
suggest that the wet interdune became vegetated over time (Figure 6.3b). The deposits 
that represent wetter climates have an increased amount of coarse-grained basal wadi 
deposits. This indicates that fluvial systems were interacting with the well-developed 
aeolian erg system at the time of deposition. As the climate became progressively more 
humid, these fluvial systems overtook the erg system and began to dominate deposition in 
the Paradox Basin. 
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When the climate progressively dried, the degree of basal wadi deposits within the wet 
interdunes decreased. Over time, these wet interdunes continued to dry upwards and an 
increased amount of adhesion ripples developed, this was followed by the formation of 
desiccation cracks. At the point at which the interdune sediments became damp, the 
depositional environment allowed for the growth of vegetation which is preserved through 
rhizolith-rich horizons. As the climate reached the peak of aridity, the aeolian erg system 
migrated over the interdune and dominated deposition in the basin.  
Dry interdune element 
The dry interdune environments formed in the depressions between the dune forms of the 
aeolian erg when there was a lack of moisture input. This occurred in portions of the erg 
system that were isolated from a water supply, or where the climate was at the point of 
maximum aridity. The flat-lying interdune element exhibits ballistic ripples, and very 
occasional rhizolith-rich horizons (Figure 6.3c). As the climate became wetter, the 
interdune became relatively damp in nature. The resultant deposits are marked by an 
increase in adhesion ripples. The damp interdune environment was eventually replaced 
by a wet interdune environment during times of increasing humidity. This is represented in 
the resultant deposits by an abundance of basal, fluvially-driven, wadi deposits. Overlying 
this, there are parallel-bedded sandstone strata which display sporadic adhesion ripples. 
As the climate became progressively more arid, it led the aeolian erg system to develop 
and build in both thickness and extent. This resulted in the magnitude of the interdune 
environment decreasing within the preserved deposits.  
Sandsheet element 
Sandsheet environments occurred towards the outer limits of the aeolian erg system, 
where the available sediment was not sufficient in quantity to facilitate dune growth 
(Figure 6.3d). The deposits of the sandsheet element are parallel-bedded and are 
characterised by abundant ballistic ripples. As the climate became more humid the fluvial 
systems encroached through the sandsheet environment and began to dominate the 
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basin. As the climate dried, the aeolian erg system became more dominant, and the large-
scale dune forms migrated and expanded throughout the depositional system.  
Lacustrine pond element 
Small-scale lacustrine pond environments formed within depressions below base level 
throughout the Paradox Basin. The deposits of the lacustrine systems are represented by 
parallel-bedded sandstone with occasional symmetrical ripples (Figure 6.3e). During the 
wetting-upwards stage of the absolute climate cycle, the lacustrine system expanded in 
size, which resulted in the development of a substantial thickness of the deposits. As the 
climate dried the lacustrine system shrunk in size, and as a result becomes less dominant 
in the preserved basin sediments. The drying-stage of the lacustrine system is 
occasionally recognised through desiccation cracks towards the top of the individual sets 
of deposits. Eventually, palaeosols developed in proximity to the progressively drying 
lacustrine bodies. These palaeosols often developed into calcretes.  
Palaeosol element 
Palaeosols developed throughout the basin during periods of depositional quiescence. 
These palaeosols exhibit crude parallel laminations, and a rooted top-horizon (Figure 
6.3f). As the climate cycled towards a more humid environment, lacustrine systems 
expanded over the palaeosol to accommodate depressions in the basin surface. Fluvial 
systems then became prominent and began to dominate the basin. As the climate dries 
upwards the conditions commonly caused the development of calcrete. The palaeosols 
contain abundant calcareous nodules.  
Shallow carbonate element 
During the Permian Period, several marine incursions invaded into the medial part of the 
Paradox Basin, leading to the development of carbonate strata (Figure 6.3g). During 
marine transgressions the carbonate deposits build in thickness, due to an increase in 
water depth. The basal carbonates are relatively fossiliferous, but with increasing water 
Chapter Six: The Response of Fan-Scale Elements to Climatic Cyclicity  
 
 
228 
 
depth the proportion of fossils decreases until the carbonate deposits become 
gradationally more micritic. During periods of marine regression, environments of 
deposition from the basin prograded further into the distal basin. Fluvial systems began to 
dominate, and the basal fluvial system reworked calcareous material which was 
subsequently deposited as calcarenite deposits. The environment of deposition eventually 
graded into aeolian. 
6.3 Effects of climatic change on the zone of interaction 
In a similar fashion to the response of the alluvial fan architectural elements to changes in 
climatic conditions, the environments that occur throughout the zone of interaction also 
respond to changes in climate. The elements of the zone of interaction require an overlap 
in the environments at a particular point of the absolute climatic cycle, and these 
environments again respond to further changes in climate.  
6.3.1 Temporal prevalence of elements 
The interacting environments observed throughout the zone of interaction display a 
predictable response to climatic changes. In a similar fashion to the response of the 
individual architectural elements to climatic change, each of the environmental 
interactions observed within the zone of interaction commonly occur within a specific point 
within the absolute climate cycle (Figure 6.4).  
Point of maximum humidity (A) 
The initiation of the deposition of the coarse subaqueous wedge element occurred at the 
point of maximum humidity within the absolute climatic cycle (Figure 6.4). Both the 
lacustrine element and the debris flow element required a substantial degree of water 
influx to develop, and therefore both interacted at the point of maximum humidity.   
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Boundary of maximum humidity (B) 
The water-winnowed element commonly occurred at the point of interaction between the 
wetting upwards stage of the cycle and the point of maximum humidity, and between the 
drying upwards stage of the cycle and the point of maximum aridity, where both debris 
flow elements and fluvial systems were prominent within the basin (Figure 6.4).  
The subaqueous wedge element relies on the presence of both fluvial and lacustrine 
systems. The predominant point of interaction occurred where both of these environments 
dominated the basin system. As a result of this, the deposition of the subaqueous wedge 
element represents the periods between the point of maximum humidity and the drying 
upwards stage of the cycle, and between the wetting upwards stage of the cycle and the 
point of maximum humidity in the absolute climatic cycle (Figure 6.4). 
Boundary of maximum aridity (C) 
The development of the flooded aeolian plain element resulted from the interactions 
between braided fluvial systems and aeolian erg environments (Figure 6.4). Braided fluvial 
systems persisted through both the wetting upwards and drying upwards portions of the 
climatic cycle, whereas aeolian environments commonly formed during periods of 
maximum aridity. The two environments interacted at the point where the drying upwards 
stage of the absolute climatic cycle graded into the point of maximum aridity, or where the 
point of maximum aridity graded into the wetting upwards stage of the absolute climatic 
cycle.  
Dune forms also commonly interacted with lacustrine bodies to produce the wind-driven 
lacustrine element. Lacustrine environments commonly developed during periods of 
wetting upwards, and were most prominent during periods of maximum humidity (Figure 
6.4). Lacustrine and aeolian environments interacted at the onset of the wetting upwards 
stage from the point of maximum aridity in the absolute climatic cycle, when the lacustrine 
bodies were poorly-developed and small-scale.   
Chapter Six: The Response of Fan-Scale Elements to Climatic Cyclicity  
 
 
231 
 
Point of maximum aridity (D) 
The wind-winnowed debris flow element developed during the most-arid portion of the 
absolute climatic cycle (Figure 6.4). Debris flows were commonly initiated during the point 
of maximum humidity in the absolute climatic cycle, however, due the high preservation 
potential of debris flows they persisted on the basin surface until aeolian systems began 
to dominate deposition in the distal extent of the basin.   
6.3.2 Response of the elements to climatic change 
Each of the interacting architectural elements observed throughout the zone of interaction 
respond to climatic changes individually. Where the overall climate became more humid 
or more arid it resulted in observable sedimentary trends within the subsequent deposits.   
Wind-winnowed debris flows 
Where proximal debris flows interacted with aeolian systems in the distal part of the basin 
it led to a degree of wind-winnowing, and therefore resulted in the reduction of the amount 
of matrix in the debris flow deposits (Figure 6.5a). As the climate became more humid, the 
debris flow elements prograded further into the basin, and as a result of this, the thickness 
of the preserved deposits increased. The amount of matrix in the debris flow deposits 
increased as the climate entered a stage of drying. This has been attributed to a decrease 
in the amount of winnowing. When the environment became gradationally more arid it led 
to an increase in the amount of wind-driven winnowing. This, in turn, led to a decrease in 
the amount of matrix preserved within the deposits. If the period of aridity persisted, 
aeolian environments developed to form an erg system.  
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Water-winnowed debris flows 
When the proximal alluvial fan system was dominated by debris flows and the distal part 
of the basin was inhabited by fluvial systems, the water content of the fluvial system 
winnowed the fine-grained matrix from between the debris flow clasts (Figure 6.5b). When 
the climate became relatively more humid, the deposits responded in a similar way to the 
deposits of the wind-winnowed debris flow system. The debris-flow deposits stacked, and 
the degree of preserved matrix increased over time. This has been attributed to the retreat 
of the fluvial systems, which resulted in a lesser degree of winnowing.  
As the climatic cycle graded towards the more arid section of the absolute climatic cycle, 
there was an increase in the amount of fluvial environments within the basin. This, in turn, 
led to an increase in the degree of winnowing of the debris flow deposits. As the climate 
reached the point of maximum aridity, the fluvial systems withdrew and aeolian 
environments became the predominant source of sedimentation within the basin centre. 
Coarse subaqueous wedge 
When the debris flows interacted with distal lacustrine systems, the debris-rich flows 
became reworked through the standing water of the lacustrine environment to form a 
coarse subaqueous wedge. The deposits of the reworked coarse subaqueous wedge 
occur intermittently with the lacustrine deposits (Figure 6.5c). During wetter climates there 
was an increased amount of debris-flows deposited within the proximal extent of the 
basin. This led to an increase in the amount of coarse subaqueous wedge deposits being 
preserved. During periods of increasing aridity, occasional coarse subaqueous wedge 
deposits still occurred intermittently. After time, as the climate became progressively more 
arid, the lacustrine system retreated and fluvial systems began to dominate the previously 
lacustrine-dominated parts of the basin.  
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Subaqueous wedge 
When proximally sourced fluvial systems influxed into lacustrine environments, small-
scale subaqueous fans were formed (Figure 6.5d). The small-scale subaqueous wedge 
formation is similar to that of the coarse subaqueous wedge but with a significantly finer 
grain size. When the climate was relatively more humid the lacustrine systems had the 
capacity to expand across the basin and developed a significant depth. This resulted in an 
increase in the thickness of the lacustrine margin subaqueous wedge deposits, due to a 
substantial increase in the magnitude of the increasing environments. As the climate 
graded towards the point of maximum humidity, debris flows became more common 
throughout the proximal parts of the basin, and therefore there was the occasional 
gradation from the subaqueous wedge deposits into the coarse subaqueous wedge 
deposits.  
As the climate became relatively more arid, the lacustrine systems dried upwards and 
retreated in size. Fluvial systems became more prominent within the basin and eventually 
dominated over the original placement of the lacustrine bodies. At the point of maximum 
aridity, aeolian environments dominated the depositional system.  
Flooded aeolian plain 
Where the proximal extent of the basin was dominated by fluvial systems and the distal 
part of the basin was inhabited by aeolian environments, the fluvial systems commonly 
flooded over the aeolian plain. This led to intermittent fine-grained siltstones becoming 
interbedded with the aeolian sandstones (Figure 6.5e). When the climate graded to a 
point of increasing humidity the fluvial systems infiltrated into the aeolian erg system of the 
distal part of the basin, and began to dominate the overall depositional environment. As 
the fluvial systems became dominant they often reworked a proportion of the aeolian 
sediments. This caused the deposition of finer-grained, and better sorted basal fluvial 
sandstones. As the climate became more arid, the fluvial systems withdrew further back 
towards the source, or, additionally, dried up completely. In this instance, the aeolian 
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environments began to dominate. This led to the development of a large-scale aeolian erg 
system, and an increase in the proportion of preserved aeolian-derived sediments.  
Wind-driven lacustrine 
The sediment source for the wind-driven lacustrine element is derived from the aeolian 
environment. This resulted in the preservation of finer grained and better sorted lacustrine 
sediments. With increasing aridity, the aeolian environments expanded over the 
progressively drying lacustrine setting (Figure 6.5f). As the climate became dominantly 
more humid, the aeolian erg system regressed, and the lacustrine bodies expanded in 
both extent and thickness. As well as this, there is a decrease in the magnitude of 
symmetrical ripples throughout the deposits. As the climate dried, the lacustrine systems 
retreated, and became less dominant in the depositional system of the basin. The 
surrounding aeolian environments eventually migrated over the basin floor to form a large-
scale aeolian erg environment.  
Marine incursions 
Marine systems transgressed into the Paradox Basin recurrently during the lower Permian 
Period. These marine incursions are better preserved throughout the zone of interaction 
and medial part of the basin than they are within the proximal extent of the basin. The 
incursions led to a dominance of shallow water environments, which cut off the 
development of typical continental depositional systems. The deposition of carbonate 
strata marks the point of these marine incursions. As the sea level transgressed further 
into the basin the carbonate bodies developed in size, and became more prominent within 
the subsequent deposits. The carbonates became less fossiliferous with indications of 
increasing water depth, and finally graded into micritic deposits up section. During periods 
of sea-level regression, the common depositional environments of continental basins re-
inhabited the depositional system of the basin. These marine incursions were sporadic, 
and only four main events can be recognised throughout the deposits of the zone of 
interaction.  
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6.4 Sediment accumulation and preservation 
In order to understand the signature of this cyclicity at outcrop scale it is important to 
consider the fact that the differing depositional environments are preserved as different 
thicknesses throughout the proximal to distal extents of the basin. The preservation 
potential of each of these environments also fluctuates between the individual depositional 
systems, and at different times within the climate curve (Figure 6.6). As a result of this, the 
segments of the absolute climate cycle, from the point of maximum aridity to the point of 
maximum humidity, symbolise equal periods of depositional time through different 
thicknesses of preserved sediment.  
The rate of sediment accumulation and the preservation potential can be assessed for 
each of the recognised architectural elements within the Cutler Group deposits. The 
preservation potential of each of the architectural elements also strongly correlates to 
where the depositional systems occur in relation to base level. Depositional settings that 
occurred below base level had less chance of being subsequently reworked, whereas, 
deposits that occur above base level had an elevated chance of being reworked through 
secondary processes.  
6.4.1 Talus cone 
Deposition within the talus cone element occurred through the processes of rock falls, 
rock slides and avalanches. These depositional processes occurred within the fan apex 
area (Figure 6.6a). The deposits that occurred in proximity to the fan apex were relatively 
thick and these deposits thin away from the point of the fan apex, throughout the alluvial 
fan piedmont zone. The majority of the depositional processes only extend to just beneath 
the fan apex, explaining the thicker sediment accumulation in the proximal part of the 
basin. Only the avalanche component of the talus cone extends as far as the fan 
piedmont zone.  
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Figure 6.6. Each of the architectural elements extends for different amounts in both thickness and 
in lateral distance within the basin. Both the thickness and lateral distance can alter depending 
upon the dominant climate and sediment supply during deposition, therefore the scales are relative 
on these inputs, but relate to fan-scale deposition. After deposition, the qualities of the depositional 
systems directly relate to the preservation potential of each of the architectural elements.  
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The preservation potential of the deposits accumulated within the talus cone is relatively 
low. The majority of the sedimentation accumulates at, or near, the mountainous front on 
a relatively high-angle slope by comparison to the rest of the basin, leading to an 
increased chance of secondary remobilisation. The proximity to mountainous fluvial feeder 
channels also leads to a periodic recharge of water to the system. This recharge can 
again cause the mass destabilisation and remobilisation of the detritus gathered around 
the fan apex area.  
The deposits from avalanche events have a high preservation potential due to both the 
low slope angle on which they are deposited and the coarse grade of the clasts entrained 
in the flow. Very high energy secondary systems would be required to further transport the 
coarse avalanche-driven deposits.   
6.4.2 Debris flow 
Debris flows are initiated from the fan apex and are derived from the destabilisation of 
loose colluvium gathered on the mountainous front (Figure 6.6b). This destabilisation can 
occur through catastrophic events, over-steepening or through the entrainment of water or 
gas within the unconsolidated debris. Cohesive debris flows often propagated further 
throughout the fan system due to the increased degree of water entrained within the flow. 
Debris flows are typically convex in longitudinal cross-section, and thin outwards from the 
point of initiation, often extending to the alluvial fan toe. The resultant deposits persist 
above base level for elongated periods of time, which results in the interaction with 
secondary transport processes and depositional environments. 
The preservation potential of these debris-driven deposits is relatively high due to the high 
degree of energy required to remobilise the coarse-grade clasts. There is evidence that 
the finer-grained matrix was remobilised along the exposed top surface of the flow by the 
interaction with either wind-driven or water-driven secondary processes. This results in the 
winnowing-out of the finer grained matrix.  
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6.4.3 Mature fluvial system 
At the source point of the relatively more mature fluvial systems, deposition occurs above 
the base level of the basin. As there was a lack of marine influence within the Paradox 
Basin, base level is perceived as dynamic base level. As the mature fluvial system 
extends through the distal part of the basin it begins to incise, and deposition occurs at 
base level (Figure 6.6c). 
The preservation potential of the deposits of the mature fluvial systems is moderately 
high. Most of the interpreted fluvial elements within the basin display a predominately 
ephemeral nature, and the water recharge in these systems can lead to the remobilisation 
and reworking of the sediment. Subsequent recharged flows entrained additional 
sediment during transportation and therefore the system’s capacity may be reached 
throughout the course of the river, and this hyperconcentration of sediment leads to both 
rapid deposition and the preservation of pre-existing sedimentation.  
6.4.4 Braided fluvial system 
The deposits of braided fluvial systems commonly occur towards the proximal extent of 
the basin. This suggests that the braided fluvial systems often deposited sediment above 
the base level of the basin, as incision is limited throughout the course of the fluvial 
system (Figure 6.6d). The coarse-grained load is often deposited proximal to the source, 
leading to a greater degree of sediment accumulation within the upper reaches of the 
fluvial course. The sediment fines with distance away from the source of the 
Uncompahgre Uplift, resulting in a thinner accumulation of sediment towards the distal 
extent of the fluvial system. The braided fluvial environment commonly thins towards the 
basin centre. If the water-influx was persistent, the braided fluvial environment commonly 
evolved into a more mature fluvial environment.  
The braided fluvial environments are often flashy and ephemeral, and this periodic 
recharge resulted in the remobilisation of previously deposited sediment. In contrast to 
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this, the braided systems exhibit a high degree of switching between the active alluvial fan 
lobe during deposition, and as a result of this a heightened amount of preservation 
occurred within the abandoned alluvial fan lobes.  
6.4.5 Sheetflood 
Sheetflood deposits are sourced from mountainous feeder channels where the amount of 
water influx outpaced the channel capacity. The sheetfloods fined-upwards in a single 
event, depositing a coarse load towards the base of the deposits (Figure 6.6e). The 
depositional system also waned with distance throughout the basin, leading to a fining 
longitudinal profile throughout the entirety of the fan system. As sheetflood events were 
multidirectional and unrestricted, this fining event radiated laterally outwards from the 
source of the flooding event. 
The top surface of the sheetflood element is often channelised through secondary fluvial 
systems, which led to a degree of reworking throughout the element. This predominately 
affects the fine-grained cover that is deposited as the flow waned. The base of the 
deposits is often preserved regardless of these localised secondary fluvial processes. The 
surface of the sheetflood is often vegetated, which results in a degree of surface 
stabilisation, and increases the overall preservation potential of the element.  
6.4.6 Crevasse splay 
Crevasse splays are sourced from a breach of a fluvial channel. If the load of the fluvial 
system was relatively coarse then the crevasse splay event results in the initial deposition 
of this coarse-grained component of the flow (Figure 6.6f). This fines over time and 
graded into deposition dominated by the gravitational settling of sediment through the 
stagnant water that accumulated on the flood plain. These fine-grained flood plain 
deposits persist laterally away from the fluvial system. The thickness of the deposits also 
decreases with distance from the initial point of flooding.  
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The preservation potential of the crevasse splay element is relatively high. The initial 
deposits have a relatively coarse grain-size meaning that it is difficult to remobilise the 
deposits through secondary events. Secondary breach-point flood events are also 
relatively rare within the depositional system. The distal finer-grained floodplain deposits 
often became vegetated, which resulted in a degree of surface stabilisation. This 
increased the preservation potential of the fine-grained component of the flow.   
6.4.7 Incised channel 
When flashy ephemeral fluvial systems dominated the fan surface it resulted in a degree 
of fan surface channelisation. These channels were occasionally utilised by secondary 
debris-flows, allowing the debris-flows to propagate further throughout the basin system 
(Figure 6.6g). If these pre-existing channels incised a great way into the alluvial fan 
environments, the debris-flow elements could have been deposited below the point of 
base level.  
The preservation potential of these incised systems is moderate. The systems are 
relatively coarse grained, with a high proportion of mud-grade matrix. It is relatively difficult 
to remobilise both coarse-grained clasts and mud-grade sediments by secondary 
processes or events. Despite this, there is a high potential for secondary flows to influx 
over the incised channel deposits due to the presence of these pre-existing flow 
pathways. As these incised channels infilled pre-existing channel structures that sit below 
the level of the fan surface, it can prove difficult to rework the sediments.  
6.4.8 Lacustrine 
Lacustrine systems are deposited in depressions throughout the basin floor and on the fan 
surface and are therefore deposited below the point of base level (Figure 6.6h). Thicker 
lacustrine accumulations occurred within the lacustrine centre, due to the greater water 
depths. The deposits thinned with distance towards the palaeo-margin of the lacustrine 
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system. The average grain size increased towards the lacustrine margin where the 
system was periodically recharged by both fluvial and debris-driven systems.  
The preservation potential of the lacustrine sediments is relatively high. It is difficult to 
remobilise and rework sediments that were deposited beneath the point of base level. A 
degree of fluvial reworking is possible after the lake has retracted. This is preserved as an 
increased amount of rip-up clasts in the overlying fluvial deposits.  
6.4.9 Palaeosol 
Palaeosol deposits are flat-lying and laterally extensive throughout the basin (Figure 6.6i). 
The deposits tend to be relatively thin, and form as a result of vegetated flood-derived 
sediments usually sourced from fluvial floods or sheetflood events. The frequent 
vegetation of the palaeosol element suggests that the deposits frequently became 
stabilised, which increased the preservation potential of the deposits.  
6.4.10 Shallow marine 
In relation to the shallow marine environment the base level is considered to be the point 
of sea level during the marine incursions. The majority of carbonate deposition occurred 
beneath the base level, but occasional carbonate mounds occurred, which were 
sporadically exposed sub-aerially during deposition. The amount of preserved sediment is 
thicker closer to the shoreline due to the influx of clastic material from other environments. 
The amount of sediment thins and stabilises further into the marine system (Figure 6.6j). 
The shallow marine deposits of the Cutler Group are laterally extensive as the intruding 
seaway was relatively shallow in the study area for the duration of deposition.  
The preservation potential of these shallow marine carbonate deposits is relatively high. 
The carbonate deposits are relatively difficult to erode and rework. Despite this, there is 
occasional evidence of the erosion and reworking of these deposits, and is preserved 
through calcarenite beds.  
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6.4.11. Aeolian dune 
The aeolian systems developed within salt-wall shadows throughout the fan system and 
as a component of the contemporaneous distal depositional environments (Figure 6.6k). 
When the sediment supply was high enough, dune growth was facilitated and an erg 
environment developed. These dune forms are rarely preserved within the sedimentary 
record due to the periodic erosion caused by flooding or deflation events. This suggests 
that the preservation potential of these aeolian systems is relatively low. The sediment is 
relatively easy to remobilise through influxes of water-driven systems, therefore the 
deposits require a degree of early-stage diagenetic cementation to be preserved.  
Regular flooding of the aeolian erg environment remobilises and reworks the aeolian 
sediments. Even though the system transports sediment within dune forms, the preserved 
sediments often have a flat-lying top and base, bound by the flooding and deflation 
surfaces. In contrast to this, the periodic flooding of erg systems can also aid in the 
preservation of the sediment. The sediment was often only reworked down to the flooding 
surface, as the infiltration of water into the system led to an increase in the cohesive 
nature of the deposits, thus increasing the overall preservation potential of the deposits.  
6.4.12 Wet interdune 
Wet interdune environments occurred within interdune depressions. The environments 
were recharged by water, either through a rise in the water table, or through the infiltration 
of either fluvial or marine environments (Figure 6.6l). These wet interdune environments 
were commonly very shallow, but had the potential to persist for a long period of time. 
Within the Cedar Mesa Sandstone the long-standing interdune environments facilitated 
the deposition of carbonate lithologies. As a whole, the wet interdune environment 
facilitates sedimentary deposition below the point of base level, within basin floor 
depressions.  
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The preservation potential is relatively high for the deposits of wet interdune 
environments. As the sediments were deposited below base level it was difficult for 
secondary flows to rework and remobilise the accumulated sediments. Fluvial systems 
occasionally influxed and recharged the interdune environments which can result in the 
partial removal of deposited sediment. Where interdune deposition caused the formation 
of carbonate it further improves the potential for preservation.  
6.4.13 Dry interdune 
In a similar fashion to the wet interdune environment, dry interdunes formed in the shadow 
of surrounding dune forms (Figure 6.6m). There was limited sediment influx into the dry 
interdune environments as the additional sediment was sourced from grainfall and 
grainflow events from the surrounding aeolian dune forms. This results in the preservation 
of relatively thin sandstone beds. Occasionally, the dry interdunes are subjected to a small 
degree of water influx, resulting in a damp depositional environment. This increase in 
moisture content facilitated the growth of vegetation in the system leading to stabilisation 
which increased the preservation potential of the sediment.  
6.4.14 Sandsheet  
Sandsheet systems developed when the available sediment rate was not high enough to 
facilitate the growth of dune forms. This resulted in the preservation of relatively thin flat-
lying deposits (Figure 6.6n). Occasional dune bypass can result in a slight undulation in 
the top surface of the element. The preservation potential of the sandsheet element was 
relatively low. The unconsolidated deposits remobilise easily, and the low sediment supply 
into the system means that only a thin accumulation of sediment occurs at any one time. 
In a similar fashion to the aeolian erg deposits, the introduction of water into the system 
can lead to the heightened preservation potential of these aeolian deposits.  
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6.5 Discussion 
The architectural element-scale cyclicity has been established throughout the deposits of 
the Cutler Group, Undivided, and the zone of interaction to aid in the time-stratigraphical 
interpretation of the deposits. As the proximal extent of the Paradox Basin was detached 
from the effects of sea-level at the time of deposition, sequence stratigraphy is not a 
plausible technique to use to understand the basin-scale correlation of the systems. 
Within the continental setting, there are often localised alterations in base level which can 
lead to the creation of accommodation space, the overall progradation or retrogradation of 
depositional systems, or the development of secondary time-equivalent depositional 
environments. Within the proximal extent of the Paradox Basin the base level was mainly 
controlled by localised salt uplift during deposition. Salt uplift was active pre- and syn-
deposition, which resulted in the creation of sediment buffers, as the salt walls developed 
perpendicular to the flow-direction from the Uncompahgre Uplift. Salt uplift also led to the 
development of a complex pre-existing topography. The presence of pre-existing 
topography also affected deposition throughout the zone of interaction and within the 
distal extent of the basin. As a result of this, it is difficult to assume a constant rate of 
base-level change when analysing both the depositional features and the cyclicity. These 
alterations in base level can also affect the cyclicity in the deposits, which can override the 
climatic cyclicity. 
In relation to both the Salt-Mini-Basin Province and the zone of interaction, the effect of 
both localised base level and interacting depositional environments causes various ages 
of deposits to occur along the same lithostratigraphical horizons. An example of this can 
be considered through the analysis of wind-winnowed debris flows. The debris-flow was 
deposited into the basin system, pre-dating the development of the distal aeolian systems, 
and the winnowing only occurred when these distal wind-driven environments developed. 
The aeolian deposits of the distal basin, although younger, occur spatially juxtaposed 
against the debris-driven deposits in modern day exposure. The use of climatic cyclicity 
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can mitigate the effects of this to a certain extent. The aeolian deposition itself relates to a 
more arid stage of the climatic cycle and will therefore correlate to the younger, and more 
arid, deposits than the humidly driven debris flow deposits. The diachronous nature of the 
deposits also resulted from the limited lateral development of the alluvial fan system. In 
addition to this, the effects of alluvial fan lobe switching can have an effect of the 
depositional systems observed at outcrop scale, depending on whether the exposed lobe 
was active for the duration of deposition. 
6.6 Summary 
Each of the individual architectural elements responds differently to wetting and drying 
upwards cycles from the point of initiation within the absolute climatic cycle. When the 
climate underwent a period of wetting upwards the coarse-grained proximal deposits pass 
upwards into debris-flow driven depositional environments. As the climate controlling the 
proximal environments dried, the system became overtaken by fluvial processes, with the 
exemption of the talus cone element, which became dominated by bed rock failure-driven 
depositional mechanisms. The water driven processes graded again into debris-flows with 
increased water influx into the system. As fluvial environments dry it is common for 
aeolian depositional environments to dominate deposition in the basin. The aeolian erg 
element itself had an increased amount of intermittent wet interdune environments as the 
system has an increased influx of water, either through a relative rise in the capillary 
water-table or through the incursion of marine or fluvial waters into the erg setting. The erg 
system itself became larger in extent and increased in thickness during periods of 
increased aridity. The wet interdune, dry interdune, and sandsheet environments show 
that an influx of water-rich environments dominated during increased humidity, and the 
development of aeolian dune systems dominated during increasing aridity. Lacustrine 
systems stacked in thickness during periods of increased humidity, and reduced in lateral 
extent and thickness during increasing aridity. Palaeosols often developed into calcrete 
within an arid climate, whereas water-rich environments, such as lacustrine and fluvial, 
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dominated as the environment increased in humidity. Evidence of marine transgressions 
and regressions are also observed throughout the deposits.  
The zone of interaction between the proximal and distal parts of the basin occurred when 
two competing environments were present at the point of deposition. An overlap in the 
necessary environments was required for these depositional systems to occur, and this 
can be predicted based on known climate at the time of deposition. These interacting 
elements also responded to climatic variations from the point of their commencement. 
During periods of wetting upwards, deposition was dominated by more water-rich 
depositional settings. During increasing aridity, the depositional environments were 
dominated by more wind-driven, or drier, aspects of the interacting environments. 
The observed responses to the climatic cyclicity can be applied to logs taken from 
exposures across the basin in order to determine the climate at the time of deposition. 
This can be used to evaluate how the basin sediments cyclostratigraphically correlate as a 
whole. This will be outlined in Chapter Seven. The correlation across the basin can 
highlight flow pathways, baffles and restrictions to flow, and reservoir isolation throughout 
the deposits. It can therefore be used as a prediction tool when analysing lesser exposed 
deposits, for example, the Brockram Facies of northern England. 
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Small-scale and localised responses of each of the individual elements to climatic 
alterations have been identified for the deposits of both the proximal Cutler Group alluvial 
fan system, and the zone of interaction between the proximal and distal parts of the basin 
(Chapter Six). These responses can be used to identify basin-scale climatic cyclicity of the 
logged sections. This identification can be achieved by various techniques: 1) application 
of Fourier Transforms to logs of relative climate to derive cyclicity with the assumption that 
the thickness of the sediments is equal to the amount of depositional time; 2) application of 
Fourier Transforms to logs of relative climate to derive cyclicity, with the assumption that 
thickness represents different periods of time in differing depositional environments; or, 3) 
fitting the fan-scale cyclicity (Chapter Six) to the entire log in order to establish qualitative 
wetting and drying cycles. Due to the complexity of the depositional systems, technique 
three is used to establish the cyclicity throughout the basin.  
 The use of the third technique allows for the analysis of how basin-scale cyclicity 
controlled deposition throughout the spatial extent of the Paradox Basin. The data show 
that shorter-term and more localised climatic variations have a more marked effect in the 
proximal extent of the basin, where climatically driven autogenic processes such as lobe 
switching, fan entrenchment and water table fluctuations control deposition. The cyclic 
variations became relatively more allocyclic through the medial and distal parts of the 
basin. Towards the distal extent of the basin, the overprint of the longer term allocyclic 
climatic fluctuations is observed in the contemporaneous distal deposits.  
The final stages of this chapter consider the best approach to correlate the deposits of the 
Cutler Group through the Paradox Basin. Using lithostratigraphy, the individual 
depositional packages can be identified. However, due to the complex and varied nature of 
the deposits it is difficult to identify clear correlatable horizons throughout the basin-wide 
CHAPTER SEVEN: 
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deposits. Without these clear correlatable horizons, it is difficult to use this technique to 
understand similar deposits in the subsurface. Using the cyclicity observed in the logged 
sections, a qualitative cyclostratigraphical correlation can be achieved. This highlights 
periodic, quasi-periodic and more localised correlatable horizons in the deposits driven by 
cyclic changes in climate. This chapter also considers how this cyclostratigraphical 
correlation can aid in the prediction of flow zones throughout other, poorly exposed, 
continental basin margin systems, and systems that occur solely in the subsurface.  
7.1 Recognised cyclicity in the distal Cutler Group 
Previous research into the contemporaneous deposits of the distal extent of the Cutler 
Group has identified cyclicity within the deposits. The main depositional environments vary 
between shallow marine and coastal, to more continental fluvial and aeolian systems. The 
cyclicity displayed within these distal deposits has previously been described in relation to 
overall distal sea-level variations (Figure 7.1).  
7.1.1 Lower Cutler beds 
The lower Cutler beds cycled between shallow marine and continental depositional 
environments (Rasmussen & Rasmussen 2009). Due to interactions with shallow marine 
environments in the distal-most extent of the basin, the depositional systems were 
dominantly controlled by relative sea-level change. Marine incursions resulted in the 
accumulation of shallow-marine deposits, which graded between clastic material and the 
build-up of carbonate strata. Periodic marine regressions resulted in a dominance of 
continental depositional systems (Jordan & Mountney 2012). The cyclicity observed 
throughout the lower Cutler beds has been interpreted as glacio-eustatic.   
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7.1.2 Organ Rock Formation 
The Organ Rock Formation has been interpreted as a mixed fluvial-aeolian depositional 
system (Stanesco et al. 2000), which displays indications of a semi-arid to arid climate at 
the time of deposition. The semi-arid climate promotes an increased amount of fluvial 
deposition, as a result of the increased amount of water influx into the basin system. As 
the environment gradationally became more arid, it caused a shut-off of the fluvial 
environment, which allowed for the pooling of static water in lacustrine systems and, with 
further increases in aridity, an eventual dominance of aeolian systems (Cain & Mountney 
2009). The Organ Rock deposits have been interpreted as a large-scale terminal fluvial 
fan with the occurrence of intermittent aeolian erg environments, which dominated the 
more arid stage of the climatic cycle (Wakefield 2010).  
7.1.3 Cedar Mesa Sandstone 
The depositional environment of the Cedar Mesa Sandstone is interpreted as a 
periodically flooded aeolian erg system (Mountney & Jagger 2004). The flood events were 
sourced from erg-bounding marine environments, periodic rises in the water-table, and 
episodic flooding from proximally-sourced fluvial environments. The amount of available 
sediment relies upon variations in distal sea-level, as the sediment source was derived 
from the distally exposed littoral environments (Blakey et al. 1988). Alterations between 
periods of humidity and aridity are essential for the eventual preservation of the dune-
forms. An increase in moisture content greatly increases the preservation potential of the 
aeolian systems.  
Towards the basin centre there was a decrease in the degree of aeolian and distal marine 
interactions, therefore the system became predominately controlled by variations in 
climate. Relatively more humid climates at the time of deposition promoted the 
preservation of the aeolian deposits, due to a basin-wide rise in the water table. The 
cyclicity in the erg centre is interpreted as repeated drying upwards cycles. As such, the 
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rise in the water table has been interpreted as almost instantaneous (Mountney & Jagger 
2004).  
7.2 Methods for identifying basin-scale climatic cyclicity 
The basin-scale climatic cycles can be assessed through either quantitative or qualitative 
methods. Qualitative methods consider the cyclicity numerically by using Fourier 
Transform analysis, whereas qualitative approaches use the fan-scale response to climate 
cyclicity described in Chapter Six. 
7.2.1 Method one - Fourier Transform analysis  
Fourier Transform analysis (FT) can be used to convert between the time (or space) 
domain into the frequency domain. The technique takes a curve based on the variation of 
data in time or space, and analyses the strength and differing amplitudes of the cycle, and 
returns the data graphically as a frequency curve, thus highlighting the strength and 
dominance of cycles of a specific frequency within the input data (Weedon 2003).  The 
Fourier Transforms use multidirectional and two-dimensional complex sinusoids instead of 
unidirectional and one-dimensional sinusoidal sine and cosine waves. This allows for true 
cyclic patterns of differing sizes and speeds to be extracted from the initial climate curve. 
The equation then applies filters to each of these different individual cycles to analyse how 
frequently each of the amplitudes occur. Due to the complexity of the Fourier Transform, 
the Fast Fourier Transform has been developed to make the process computationally 
simpler (Press et al. 1992). 
The simplified Fast Fourier Transform (FFT) requires the initial data (climatic curve) to be 
sampled at regular intervals, giving a total number of sampled data points (𝑁). Each of the 
individual data points (𝑛) are then analysed to establish to value of the signal at each point 
(𝑋𝑛), and the frequency of that value (𝑘). The different frequencies are then isolated from 
one another and the sum amount of each frequency within the total signal is outputted as 
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a curve displaying amplitude against frequency. This is achieved by inputting the data into 
the following equation.   
 
 
𝑋
𝑘
=  ∑ 𝑥
𝑛 
𝑁=1
𝑛=0
∙ 𝑒  
− 𝑖2Π𝑘𝑛/𝑁
 
𝑥
𝑛
=  
1
𝑁
 ∑ 𝑋
𝑘
𝑁−1
𝑛=0
∙ 𝑒 
𝑖2Π𝑘𝑛/𝑁
 
 
𝑁 = number of samples                      𝑘 = current frequency 
𝑛 = current sample number       𝑋𝑘  = amount of ‘frequency k’ in the signal  
              𝑋𝑛  = value of the signal at sample n 
 
 
The input data into the FFT technique is a curve of relative climatic variations. Climate 
curves are generated by representing absolute climate numerically, ranging from 0 
(maximum humidity) to 10 (maximum aridity). A positive stack of the numbers will relate to 
a drying upwards trend, whereas a negative stack of the numbers relates to wetting 
upwards (Figure 7.2). Climate curves are represented against ‘time’ up the deposited 
section, either with the assumption that sedimentation rate is constant, and thickness is 
equal to time (application one), or that there is a variable sedimentation rate governed by 
the individual depositional process (application two).  
Chapter Seven: Basin-Scale Climate Cyclicity and Correlation  
 
 
254 
 
Figure 7.2. The absolute climatic cycle grades from the point of maximum humidity on the left of 
the curve, through a stage of drying upwards, to the point of maximum aridity towards the right of 
the curve, then through a stage of wetting upwards to again reach the point of maximum humidity. 
All stages from the point of maximum humidity to aridity have been given a numerical value from 
one to ten.  
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Application one – thickness equal to time  
This application assumes a constant sedimentation rate, and therefore that the thickness 
of the deposits is equal to time. This approach creates a linear and predictable variable, 
that when is converted to frequency through the FFT, and identifies the amount of cycles 
that occur per metre. To achieve this, an annual sedimentation rate of 0.1mm (Miall 2010) 
has been assumed, and each log has been sampled at 10cm intervals, or theoretically 
every 100 years.  
This application works most effectively for the deposits of the distal extent of the basin, 
where the depositional environments are relatively stabilised (Figure 7.3a). The Dugout 
Ranch locality near Canyonlands National Park represents the division of the Cedar Mesa 
Sandstone. The Fast Fourier Transform analysis on the Dugout Ranch deposits does 
outline a few cycles. The deposits of the proximal extent of the basin show no clear 
cyclicity (Figure 7.3b), this is potentially because the input data curve combines too many 
variables at each data point.  
Table 7.1. The cyclicity derived from Fast Fourier Transform Analysis in the distal basin. Data are 
presented including and excluding Cycle Two, in order to better understand the ratios displayed in 
Table 7.2.  
 
Cycle # 
 
 
Amplitude 
 
 
Cycles per metre 
 
 
Ratio 
 
 
1 
 
1.6 
 
 
0.1 
 
N/A 
 
 
2 
 
 
0.6 
 
0.16 
 
1.6 
 
 
3 (with cycle 2) 
 
 
0.51 
 
0.25 
 
1.5 
 
 
3 (without cycle 2)  
 
 
0.51  
 
0.25 
 
2.5 
 
 
4 
 
 
0.5 
 
0.4 
 
1.6 
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Cyclicity with differing amplitudes can be observed throughout the deposits at the Dugout 
Ranch locality. These cycles, with the exception of cycle 2, can be crudely related to 
orbital forced cyclicity as the cycles show similar relationships and ratios (Table 7.2). 
These orbital forced cycles could potentially be related to global trends. However the 
specific global cycle observed is difficult to quantify. Throughout the proximal extent of the 
Paradox Basin and the Salt-Mini-Basin Province the cyclic controlling factors are highly 
variable, and significant cyclicity is difficult to identify (Figure 7.3b). This can attributed to 
autogenic cyclicity.  
Table 7.2. Relevance of the FFT data to orbital forced cyclicity    
 
Orbital forcing 
 
 
Description 
 
 
Years 
 
 
Ratio 
 
 
Milankovitch 
 
Collective effect of the Earth’s 
movement. 
 
 
412,000 
 
N/A 
 
 
Eccentricity 
 
 
Change in orbital pathway. 
 
100,000 
 
4.1 
 
 
Obliquity 
 
 
Change in axial tilt. 
 
41,000 
 
2.4 
 
 
Precession  
 
 
Change in tilt orientation.  
 
19,000 – 23,000 
 
2.1 – 1.6 
 
This application does not consider the variable factors that affect the resultant thickness of 
the deposits. There are elongated periods of erosion within arid continental basins due to 
competing depositional processes with alternating transport energies, fluctuations in base 
level, and through deflation and secondary reworking of the deposits. This effect is 
accentuated within the Paradox Basin as the uplift of the Pennsylvanian evaporites of the 
Paradox Formation led to heightened localised erosion in the Salt-Mini-Basin Province 
around the areas of salt-wall uplift. The application also neglects to consider periods of 
surface stabilisation within the basin system. Elongated periods of surface stabilisation are 
evidenced by the pedogenic development of palaeosols, especially within the deposits of 
the Cutler Group alluvial fans.  
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The sedimentation rate is variable between different architectural element-scale 
depositional systems, and within different points of the absolute climatic cycle, making it 
difficult to assume that the thickness of the deposits is equal to the amount of time taken 
to deposit them. For example, a debris flow depositional system can develop a relatively 
thick vertical thickness in a short period of geological time in comparison to aeolian 
environments, which build gradually. Another important consideration is the preservation 
potential of each of the elements, as outlined in Chapter Six.  This is made apparent when 
considering the preservation potential of aeolian versus lacustrine depositional systems. 
After a build-up of aeolian deposits, subsequent sediment shut-off will lead to the removal 
of the sediments that accumulate above the water table. In comparison to this, lacustrine 
bodies are deposited below base level, and therefore, have a higher preservation 
potential. 
Application two – thickness variable by environment  
Application two takes into account that each depositional environment has differing rates 
of sediment accumulation. Each of the environments is given an individual accumulation 
rate, which is assumed to remain constant throughout all the logged localities. Whereas 
this is more accurate in terms of rate of sedimentation than method one, it still does not 
consider changes in sediment availability, and changes in event magnitude.  
Talus cone deposition relies heavily upon changes in sediment budget, alterations in 
tectonic activity, and influxes of increased amounts of meteoric water. A high proportion of 
talus cone detritus is remobilised in secondary events, through debris flows and 
sheetfloods. Deposition in the talus cone is episodic, and formed from infrequent rock fall 
events and common rock slides and avalanches. Due to this episodic nature, and the 
irregular occurrence of events, sedimentation will be assumed at approximately 0.1mm 
per year (Miall 2010). The talus cone element is only preserved within the Castro Draw 
locality.  
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The debris flow element is usually preserved as relatively thick sediment packages within 
the proximal extent of the alluvial fan, but decreases in thickness with distance through 
the fan system. These accumulations are often thicker during periods of maximum 
humidity, and this increase in thickness is difficult to predict. An average sedimentation 
rate for debris flow depositional environments is given as 10mm per year (Miall 2010). The 
incised channel elements have a similar initiation mechanism, but are confined during 
transportation. Therefore, the annual accumulation rate within incised channel elements is 
also 10mm per year. As the incised channel elements are confined within channel forms 
subsequent to deposition, the systems are not subjected to as much deflation as within 
debris flow deposits.  
Sheetflood deposition marks an increase in localised water influx into the basin system, 
and the deposits represent a single flood event. Sheetflood events partially scour the fan 
surface, but are predominately deposited overlying the pre-existing fan surface. The 
entirety of the sheetflood deposits, from the coarse-grained basal sedimentation to the 
fine-grained upper element usually occur in beds that are around 1m in thickness (Mather 
& Hartley 2005, Blair 2000). These events are almost instantaneous, but occur less 
frequently than once per annum. Taking this into account, the average sedimentation rate 
is assumed at 10mm per year (Miall 2010).  
Within braided fluvial systems the amount of subsidence and sediment supply is important 
when considering the amount of sediment accumulation within the system. If you assume 
that both the subsidence and sediment supply is constant then the average fluvial 
sedimentation rate is approximately 10mm per year (Mather & Hartley 2005, Einsele 
2000, Blair 2000). Within braided fluvial systems, the environment commonly switches 
between active alluvial fan lobes, which leads to changes in sediment accumulation at one 
particular point of exposure. The accumulation rate seems elevated in comparison to 
modern day depositional environments as the rate does not consider periods of erosion. 
Within more mature fluvial systems, the sedimentation rate is again around 10mm per 
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year (Einsele 2000). Flooding events deposit material on the fluvial floodplain. Crevasse 
splay deposition has a sedimentation rate of 1mm per year (Miall 2010). This figure again 
does not consider preservation potential or the frequency of these flood events.  
 On abandoned alluvial fan lobes, and in quiescent interlobe depressions, aeolian 
depositional systems developed throughout the proximal extent of the Cutler Group. 
Aeolian environments were also common in the distal extent of the basin. The main erg 
system requires a high degree of sediment input into the system, and a well-developed 
erg environment can accumulate 1cm of sediment per year (Einsele 2000). By contrast to 
this, the sandsheet environment occurred where there was a limited sediment influx into 
the depositional setting, and the majority of sediment moves in bypass through the 
environment. As a result of this, the sandsheet environment has a sedimentation rate of 
0.1mm per year. Interdune environments also have a comparatively low sedimentation 
rate, which depends on the amount of influx into the environment through grainfall and 
grainflow events, the approximate sedimentation rate is considered to be 0.1mm per year, 
the same as the sandsheet environment (Einsele 2000).  
Secondary depositional environments occurred throughout the distal extent of the basin. 
Periodic shallow marine incursions occurred throughout the lower Permian strata. This is 
marked by the deposition of carbonate lithologies within the zone of interaction and the 
distal portions of the Salt-Mini-Basin Province. The sedimentation rate of the limestone 
facies is approximately 0.1mm annually (Miall 2010). The distal lacustrine systems also 
accumulated an average of 0.1mm per year, but this can alter depending on the influx of 
sediments into the system (Miall 2010). The slowest rate of deposit development and 
sedimentation occurs through the deposition of palaeosols. The average sedimentation 
rate of the palaeosols is 0.05mm per year (Dubiel 2009), as very little sediment is added 
into the environment. 
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The Fast Fourier Transform analysis does not identify any clear packages of cyclicity 
within the deposits as such a long period of time is represented using this application 
(Figure 7.4a, Figure 7.4b). This is the same result in both the proximal and distal extent of 
the Paradox Basin. This may suggest that shorter-term and autogenic climatic changes 
overprint the longer term and more predictable cyclicity assumed by these sedimentation 
rates. 
This application considers the disparities of sedimentation rate per depositional 
environment, which was problematic when considering the execution of application one. 
Despite this, application two does not consider changes in sedimentation rate. This 
includes periods of elevated sediment influx, increasing humidity, and forced lobe 
switching. The application also does not make allowances for elongated periods of 
sediment erosion or the amount of deposited sediment that is not subsequently preserved 
in the deposits. In addition to this, periods of non-deposition are also not considered.  
7.2.3 Method Two – identifying wetting and drying cycles 
This method considers the up-scaling of the fan-scale climatic cyclicity to fit the larger-
scale log localities. As the method is qualitative, it creates a descriptive curve, which is 
difficult to correlate to known global climatic cyclicity during the Permian Period. However, 
it does consider extended periods of erosion, surface stabilisation and sedimentation rate 
at both autocyclic and allocyclic scales. The method achieves this by identifying the 
smallest scale climatic cycles throughout the logged exposures, and creating a curve 
between the drying upwards and wetting upwards cyclicity (Section 7.3).  
Where the climatic cycles are not complete, the individual drying and wetting upwards 
component of the cycles tends to stack. The lack of one half of the absolute climatic cycle 
usually relates to a period of sediment erosion of the previously deposited material, or a 
period of depositional quiescence, where no material is accumulated within the locality.
Chapter Seven: Basin-Scale Climate Cyclicity and Correlation  
 
 
262 
 
F
ig
u
re
 7
.4
. 
(A
) 
F
a
s
t 
F
o
u
ri
e
r 
T
ra
n
s
fo
rm
 o
n
 D
u
g
o
u
t 
R
a
n
c
h
 
fo
r 
m
e
th
o
d
 t
w
o
. 
N
o
 a
p
p
a
re
n
t 
c
y
c
lic
it
y
 c
a
n
 b
e
 i
d
e
n
ti
fi
e
d
. 
(B
) 
F
a
s
t 
F
o
u
ri
e
r 
T
ra
n
s
fo
rm
 o
n
 
G
a
te
w
a
y
 L
o
b
e
s
 f
o
r 
m
e
th
o
d
 t
w
o
, 
n
o
 c
y
c
lic
it
y
 a
t 
a
ll 
c
a
n
 b
e
 e
s
ta
b
lis
h
e
d
. 
 
Chapter Seven: Basin-Scale Climate Cyclicity and Correlation  
 
 
263 
 
For the purpose of understanding sediment thickness during deposition, including the 
observed hiatuses, the cyclicity has been normalised to include the missing sections of 
the absolute climatic cycle. Each cycle is assumed to represent an equal period of time 
during deposition.  
There is an increased amount of sediment available to the system during the 
progressively more humid climatic periods, as sourced by fluvial systems and debris-
driven processes. The relatively more arid depositional environments, such as aeolian 
systems and occasional lacustrine-ponds, tend to preserve less sediment within the 
system. The relative time of each cycle is therefore normalised to factor this change in 
preservation potential, and available sediment throughout the depositional system. The 
depositional environments observed, alongside the interpreted cyclicity, are then used to 
construct a relative sediment thickness curve against time. The sediment thickness curve 
considers periods of depositional erosion, and therefore non-preservation. As the 
stratigraphical base level in the majority of the basin was relatively static during 
deposition, it has been assumed as a straight-line curve through time. 
This qualitative approach has been used to construct sediment accumulation curves 
based on climate for each of the logs across the Paradox Basin (Figure 7.5). The cyclicity 
observed at the Dugout Ranch locality appears repetitive and stabilised. The curve cycles 
between periods of sediment accumulation and sediment erosion. The cyclicity is of a 
relatively long wavelength, which suggests that deposition in the area was controlled by 
longer-term allocyclic climatic variations. The curve interpreted from the Gateway Lobes 
locality is a lot more variable. Longer-term periodicity is still evident, but is interspersed 
with more regular periods of sediment erosion, and occasional surface stabilisation. 
Surface stabilisation is often represented by palaeosol development within the logs. This 
highlights that the cyclic controls on fan deposition are more variable than the deposits of 
the distal extent of the basin.  
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Due to the competing sedimentary environments, the extended and localised erosional 
events, changes in sediment supply and sediment availability and changes in preservation 
potential, method two has been chosen as the best option for understanding basin scale 
climatic changes. Method two does take the variability of continental sedimentation into 
account. However, the method provides no concrete dates for the observed cyclicity, 
which is problematical when attempting to apply the cyclicity to global trends. In addition 
to this, no dateable biota are identified within the Cutler Group deposits. 
Each of the curves are constructed using the same principles and same methodology. In 
order to construct an individual log, here using the case example of the log taken at the 
Dugout Ranch locality, the sedimentary succession is initially logged. After this, it requires 
the interpretation of the field log to facies level, the facies are then further interpreted to 
ascertain the gross depositional environment represented. This step has some notable 
limitations, due to relying upon qualitative interpretation. This is mitigated by working 
through known techniques of facies analysis, from facies level through to architectural 
element level. The changes in the depositional environment are then used to interpret 
climatic variations throughout the logged section, using the known response of the 
environments to fan-scale ‘wetting-upwards’ and ‘drying-upwards’ as outlined in Chapter 
6. 
The Dugout Ranch locality is predominately formed from ‘arid’ environments, such as 
large-scale aeolian systems, which are topped by relatively more ‘humid’ systems, such 
as lacustrine and fluvial. The dominance of these arid systems leads to an occasional 
stacking of the ‘drying-upwards’ parts of the cycle. Even where it is lacking, it stands to 
reason that the climate was ‘wet’ at the juncture between the stacked arid cycles, as 
evidenced by the presence of small-scale fluvial deposits.  
In order to create the qualitative ‘sediment accumulation by climate’ curve, both the 
‘wetting upwards’ and ‘drying upwards’ stages are normalised to represent an equal 
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amount of time. This is a generalisation, as cyclic variations in climate can fluctuate 
temporally and spatially throughout the basin, but this process does normalise the cycle. 
These stacked ‘wetting-upwards’ and ‘drying-upwards’ patterns are then used to create 
the sediment accumulation curve, highlighting periods of accumulation, erosion, and 
stabilisation. Within the Dugout Ranch locality, the sediment accumulation is relatively 
stunted as a result of the slow accumulation rates observed within aeolian environments. 
This stands in comparison to environments which experience rates of rapid accumulation, 
for example the deposition of debris flows within the proximal part of the basin. The 
Dugout Ranch locality was dominated by aeolian systems and was therefore dominated 
by drying upwards cyclicity, normalising the cycles assumes that the ‘wetting-upwards’ 
stages were present, but may not be preserved.  
When wetting-upwards stages are absent, and solely represented by limited occurrences 
of deposits that pertain to fluvial systems, it has been interpreted that a degree of erosion 
has occurred, especially where these high energy fluvial systems directly overlie the 
highly mobile deposits of the aeolian environments. If the drying-upwards stages of the 
overall cycle were absent, it would lead to a period of surface stabilisation, or a period of 
quiescence, no erosion and no deposition. A complete stack of climate variations (wetting-
upwards followed by drying upwards), leads to a period of overall sediment accumulation. 
Again, the construction of this part of the curve depends upon the rates of sediment 
accumulation and preservation potential for each of the observed environments.  
Using these theories and techniques the overall sediment accumulation curve is 
constructed for the entire thickness of the log.    
7.3 Outcrop scale cyclicity 
The observed response of each individual architectural element to climatic changes 
(Chapter Six) can be used to interpret climatic cycles within the Cutler Group deposits, 
from the proximal alluvial fan environment, through the zone of interaction, into the 
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deposits of the distal extent of the basin. Logs were taken at semi-regular intervals across 
the Paradox Basin (Figure 3.7). The logged sections have been interpreted in terms of 
individual facies (Chapter Three), and these facies have been analysed in order to identify 
depositional environments throughout the logged sediments (Chapter Four). These 
simplified depositional environments can be used to identify drying and wetting upwards 
cycles (Chapter Six) using the aforementioned principles of sediment response to climatic 
variations. 
These sediment accumulation curves, based on the interpreted cyclicity, have been 
constructed for each of the logged sections throughout the basin. Representative logs are 
described for each of the divisions within the basin. The additional curves are presented in 
Appendix B.  
7.3.1 Proximal alluvial fan 
The proximal alluvial fan deposits span from the preserved fan apex at the Castro Draw 
locality, to the distal-most extent of the proximal fan at John Brown Canyon, Colorado. 
The proximal-extent of the alluvial fan system is dominated by debris-driven processes, 
with intermittent occurrences of water-rich processes. The Castro Draw locality is 
described in detail, as it represents the most proximal extent of the fan environment. The 
Gateway Lobes locality will be used as a representative log for the main body of the 
proximal extent of the alluvial fan.   
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Castro Draw 
The Castro Draw locality represents the talus cone which is the most proximal extent of 
the alluvial fan system (Figure 7.6). The main processes of deposition are through rock 
fall, rock slide and avalanches. These deposits occur intermittently with sheetfloods, 
debris flows and very occasional fluvial systems. The preserved amounts of sediments 
within the Castro Draw locality are thinner than the exposures in the medial and distal 
parts of the basin. The sedimentation however, is representative of a typical fan apex, and 
gives an insight of the response of the fan apex deposits to climatic changes.  
 
 
 
 
 
Figure 7.6. The cyclicity observed within the most proximal deposits. The Castro Draw locality 
represents deposition within the fan apex. The majority of deposition within Castro Draw has led to 
sediment accumulation, even if the rates are variable.  There is a lack of erosion, again linking to 
overall preservation potential. 
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At the point at which the typical talus cone sediments graded into more water-rich 
mechanisms it indicates that the climate was becoming predominately more humid. Often, 
the deposits derived from bedrock failure stack in thickness and, at these points there are 
intermittent periods of surface stabilisation, this represents periods of depositional 
quiescence, during periods of maximum aridity. Throughout the talus cone, the sediment 
accumulation always occurs above the point of base level. The preservation potential is 
relatively high due to the difficulty in mobilising clasts that are boulder-grade, or over, in 
size. The accumulated colluvium can sometimes become destabilised during periods of 
intensive localised rainfall, and this often leads to a reduction in the thickness of the 
accumulated sediment. During periods of maximum aridity the fan surface either 
underwent deflation, due to wind-driven mechanisms, or became stabilised through the 
development of palaeosols. There is a lack of indications of vegetation growth throughout 
the Castro Draw locality.  
Gateway Lobes 
The locality at Gateway Lobes is representative of deposition within the piedmont zone of 
the proximal portion of the alluvial fan system (Figure 7.7). The deposits grade between 
those of water-driven and debris-driven processes. The debris-driven deposits are 
preserved as both debris-flows and deposits that pertain to incised channel deposition. 
The main component of the water-driven flows was deposited as immature braided fluvial 
systems with the occasional preservation of sporadic overbank sedimentation. 
Sheetfloods are also prominent towards the base of the exposure representing 
catastrophic and unrestricted flood events. Where these sheetfloods overlie permeable 
debris-rich deposits there is the preservation of sieve deposits. These can be identified 
through the infill of pore space in the underlying deposits with finer-grained sedimentation 
and the presence of geopetal structures formed from this sediment infiltration. Alluvial fans 
stack through the accumulation of individual lobate forms.  
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It is common for lacustrine systems to develop within depressions on the fan surface, or 
within inter-lobe depressions throughout the fan. There is only a single instance of 
preserved lacustrine deposits throughout the Gateway Lobe locality, but the environments 
occurred more frequently with distance into the basin centre.  
An abundance of wetting-upwards cycles is observed throughout the deposits, but there is 
a notable lack of drying upwards cycles. The dry deposits will have been deposited, but 
have subsequently been reworked through succeeding water-rich depositional events or 
through wind-driven deflation. These periods of erosion can be recognised throughout the 
deposits and highlighted in the interpreted cyclicity. Less sediment thickness is preserved 
throughout the drying-upwards cycles, either due to the lower magnitudes of the event, or 
due to the amount of subsequent erosion. Where a drying-upwards cycle is followed by 
another drying-upwards cycle it leads to a period of surface stabilisation, which will have 
persisted despite the stacking of wetting-upwards trends in the Gateway Lobe deposits.  
7.3.2 Medial alluvial fan 
The medial extent of the alluvial fan system spans from the Hittle Butte locality, Utah, to 
the Castle Valley locality, within the Salt-Mini-Basin Province. Influxes from debris-driven 
flows are still prominent within the exposures of the medial alluvial fan, whereas fluvial 
depositional systems, and occasional aeolian and lacustrine settings, began to occur with 
more frequency. The Fisher Towers locality is described in detail as an example of 
deposition within the medial extent of the alluvial fan environment.  
Fisher Towers 
The Fisher Towers locality represents deposition within the proximal-most area of the 
medial alluvial fan environment, where the typical debris-driven fan environment graded 
into a more fluvial fan environment (Figure 7.8). A prominence of immature braided fluvial 
systems is evident throughout the deposits. These fluvial environments stacked as they 
migrated laterally, across the basin, or temporally, over time. 
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This results in a significant thickness of the fluvial deposits. Fluvially related overbank 
deposition does occur throughout the succession, however, it is a lot less abundant that 
the degree of fine-grained sedimentation that was deposited within the proximal extent of 
the alluvial fan. This again indicates that the fluvial systems are maturing with distance 
from the Uncompahgre Uplift.  
Intermittent influxes of debris-rich deposits occurred, despite being less abundant 
throughout the Fisher Towers locality than the successions of the proximal extent of the 
basin. As a rule, the thickness of the deposits of these environments is significantly 
reduced, suggesting that the deposits are representative of the distal extents the of debris 
flows. This indicates a maturation effect with distance from the Uncompahgre Uplift. In 
general, the debris deposits are relatively better sorted and have a slightly finer-clast size 
throughout the rudaceous component than those of the proximal-part of the fan system. 
The aeolian strata in the lower part of the succession appear better developed and are 
more prominent than those that occur throughout the Hittle Butte locality. This suggests 
that with increasing distance from the source of both the water- and debris-rich flows there 
are extended periods of depositional quiescence from the typical fan environments which 
allows for the development of these small-scale erg systems. The presence of rare 
interdune deposits suggests that the aeolian environments here were relatively well-
developed.  
Small-scale lacustrine strata can also be identified throughout the deposits. Lacustrine 
systems developed within the basin either in depressions on the fan surface, or in 
interlobe apertures. The compact scale of the deposits suggests that they developed 
within fan surface depressions. The lacustrine settings were often fed by water-rich flows 
that stagnated when the energy dropped. The repeated occurrence of lacustrine strata 
throughout the Fisher Towers localities suggests that these depressions were frequently 
ephemerally flooded.  
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The cyclicity observed throughout the Fisher Towers deposits is predominantly formed 
from stacked wetting upwards cycles. The environments that dominated during periods of 
increased humidity have a high depositional energy, which led to the occasional erosion of 
the sediments deposited during the more arid periods. True arid environments, such as 
aeolian systems, rarely developed in the medial extent of the alluvial fan, and the arid 
periods are indicated by surface stabilisation and the occasional development of calcrete.  
Fluvial and debris flow accumulations tend to be a lot more prominent in the same climatic 
cycle that those deposits of aeolian or lacustrine. This increased rate of accumulation is 
displayed on the curve. A period of surface stabilisation is identified between stacked 
drying-upwards events. There are four periods of net sediment accumulation with 
intermittent erosive periods.   
7.3.3 Distal alluvial fan 
The distal extent of the alluvial fan occurs towards the Moab end of the Salt-Mini-Basin 
Province. The deposits comprise those of debris-driven and water-driven flows as well as 
deposits of aeolian systems, lacustrine-bodies, palaeosolic horizons and calcarenite 
strata. Carbonate bodies that pertain to shallow marine incursions are also prevalent 
throughout the deposits. The distal extent of the alluvial fan is exposed from outcrops 
around Moab, and the southern boundary of Arches National Park, through to the deposits 
of Seven Mile Canyon, where the thickness of the Cutler Group is significantly reduced. 
The Moab locality is described in relation to the distal extent of the alluvial fan.  
Moab 
The Moab locality is representative of the most proximal extent of the distal area of the 
alluvial fan system (Figure 7.9). Within the sedimentary succession of the Moab locality 
the most indicative sedimentary strata resulted from shallow marine incursions into the 
basin. These marine incursions occurred sporadically in the basin during the lower 
Permian Period, and are relatively rich in shallow marine fossiliferous material.  
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Calcarenite deposits are also prevalent throughout the deposits overlying the 
accumulations of the shallow marine carbonates. This suggests that the limestones have 
been subsequently reworked by fluvial systems. The marine influence on the lower 
sections of the Cutler Group is attributed to marine regressions and transgressions that 
can be linked to small-scale sea-level oscillations that migrated a long way into the 
Paradox Basin due to the unrestricted nature of the low-angle basin floor. This resulted in 
depositional changes that are not directly linked to climatic alterations. Sea level 
transgressions flooded the basin, leading to the shut off of the continental depositional 
systems. Sea level regressions allowed the proximally-driven depositional environments 
to re-dominate the basin.  
Figure 7.9. Cyclicity applied to the Moab locality. The log shows an increasing amount of fluvial 
influx into the depositional system. This is represented in the climatic curve by increased amounts 
of sediment accumulation.  
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Sediment from fluvial environments occurs intermittently throughout the marine 
limestones. These fluvial systems have evidence of being relatively more mature than the 
systems that can be identified within the proximal part of the Paradox Basin. Another 
response caused by the maturation of these fluvial systems is the decrease in the amount 
of intermittent floodplain deposits. There is also an increase in the amount of lacustrine 
strata preserved in the deposits of the distal fan toe. The lacustrine systems were 
ephemerally fed by the fan surface fluvial systems. The environments form within 
depressions on the basin floor in relatively more humid parts of the climatic cycle. 
Towards the top of the log there is a notable presence of calcrete horizons, which 
represent periods of depositional quiescence. These developed when the floodplain 
sediments become vegetated and rooted. The calcareous nature of the palaeosols is 
promoted by the arid nature of the climate at the time of deposition. Deposits that pertain 
to incised channel systems occur throughout the Moab exposure. As incised channels are 
relatively water-rich they propagated further throughout the alluvial fan system, 
occasionally reaching the distal fan toe.  
The rapidly fluctuating environments at the base of the logged section indicate almost 
instantaneous drying from the marine incursions, which led to the reinstatement of the 
fluvial systems sourced from the proximal extent of the Paradox Basin. The drying 
upwards cycles stack, which results in periodic occurrences of surface stabilisation. There 
are intermittent occurrences of repeated wetting upwards cycles, which highlights periods 
of sediment accumulation and sediment erosion.   
7.3.4 Proximal zone of interaction  
The proximal extent of the zone of interaction occurs from the Potash locality, towards the 
south-west of the town of Moab, to the Shafer Trail locality, towards the easterly margin of 
Canyonlands National Park. The Gooseneck locality is described in detail to outline the 
deposits of the proximal zone of interaction. Unique styles of environment interaction are 
exposed throughout the deposits of the zone of interaction (Chapter Five).   
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Gooseneck 
The Gooseneck locality is situated towards the middle of the proximal-most zone of 
interaction (Figure 7.10). The deposits are mainly interpreted as aeolian and fluvial. In 
comparison to the more proximal parts of the basin these systems are better developed 
and as a result of this, the deposits are more extensive at outcrop scale. Several 
fossiliferous limestone horizons are observed through the deposits. The fossil content 
pertains to shallow marine depositional systems. This distinguishes the limestone from the 
known carbonates that occur within the interdunes of the Cedar Mesa Sandstone 
(Mountney & Jagger 2004). The limestone strata represent the sporadic marine incursions 
into the Paradox Basin that occurred during the lower-most Permian Period. These 
significant limestone horizons prove important when considering the correlation of the 
sediments on a basin scale. There is also the preservation of thick palaeosolic horizons, 
which are better developed than elsewhere in the basin. The amount of intermittent 
aeolian influence increases upwards in the exposed succession.  
The majority of the observed cyclicity is preserved within stacked drying upwards cycles, 
which promote periods of surface stabilisation. The most prominent of these stabilisation 
events can be observed through the thick accumulation of palaeosols, which represent 
depositional quiescence and stabilisation through the vegetation of fine-grained overbank 
environments. Towards the top of the sequence, the drying upwards stage of the absolute 
climate cycle is lacking, and therefore a dominance of stacked wetting upwards cycles 
occurs. This leads to periodic sediment accumulation followed by periods of sediment 
erosion. Larger scale cyclicity can be identified throughout the climatic cycles observed at 
the Gooseneck locality. Where there is a period of mass sediment accumulation, it 
represents a relatively more arid period within the absolute climatic cycle, and the reverse 
is common in relatively more humid depositional periods.  
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7.3.5 Medial zone of interaction 
The deposits of the medial extent of the zone of interaction begin to segregate into the 
contemporaneous depositional systems observed within the distal extent of the basin 
throughout the medial zone of interaction. The medial extent of the zone of interaction 
occurs from the Lockhart locality through to the Gibson Dome area, close to the southerly 
entrance to Canyonlands National Park. The deposits, lithologies, and cyclicity of the 
Gibson Dome locality are described in detail to outline the medial zone of interaction.   
Gibson Dome 
The Gibson Dome locality occurs within the distal-most medial extent of the zone of 
interaction (Figure 7.11). At this locality, the deposits begin to divide into the commonly 
recognised segregated formations that occur within the distal extent of the Paradox Basin. 
Three main depositional environments can be recognised throughout the exposure at 
Gibson Dome, these include strata derived from fluvial, aeolian, wet and dry interdune, 
and lacustrine environments. Towards the base of the exposure, palaeosolic horizons are 
also common suggesting that the periods of surface stabilisation and depositional 
quiescence occurred in this area. The lacustrine systems are relatively small-scale, and 
the thickness of the subsequent deposits is not as substantial as other localities across 
the Paradox Basin. The amount of aeolian intermissions between the fluvial deposits 
decreases up-through the sequence, whereas the sediments pertaining to fluvial 
environments become more prominent upwards. Although this does not fit the trend 
observed throughout the subdivided deposits of the distal basin, the top of the deposits 
were eroded off shortly after deposition due to the proximity of the locality to the salt-
controlled uplift of Gibson Dome.  
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Stacked drying upwards cyclicity has been observed towards the base of the Gibson 
Dome log. This caused intermittent periods of surface stabilisation, where wetting 
upwards cycles would have dominated the succession. These periods of depositional 
quiescence are most notable through the presence of well-developed palaeosols 
throughout the exposure. The palaeosols are highly rhizolith-rich, indicating that they 
persisted for an elevated period of time during deposition, allowing for vegetation growth 
to occur. Occasional bedded structures may indicate that the fine-grained sediment that 
formed this vegetated overbank was recharged by the flooding of proximally-sourced 
fluvial systems. Sediment accumulation from both fluvial and aeolian systems commonly 
followed the periods of depositional quiescence, which forms the main periods of 
sediment accumulation.  
More sediment accumulated within the fluvial systems than within the aeolian 
environments because the capacity of the fluvial environments to carry sediment is higher 
that the capacity of wind-blown depositional processes. Following the stacked drying 
upwards cycles, and intermittent stabilisation, there is a significant lack of drying upwards 
cyclicity towards the top of the log. This led to a stacking of the wetting upwards stages of 
the cycles. There is evidence of ‘instantaneous’ drying from the fluvial systems into these 
aeolian environments, which then proceed to wet upwards over time. This stacking of the 
predominately more humid cycles leads to equal periods of sediment accumulation and 
sediment erosion for the majority of the top-extent of the exposure at the Gibson Dome 
locality. Due to the increasing infill of the accommodation space, there is a net sediment 
accumulation over time.   
7.3.6 Distal zone of interaction 
Throughout the distal extent of the zone of interaction the environments are essentially 
segregated into the contemporaneous divided deposits that occur within the distal extent 
of the Permian Cutler Group. Due to the locality of the logs within the basin-scale system, 
the deposits mainly relate to the lower deposits of the Cedar Mesa Sandstone, where the 
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fluvial environments of the Organ Rock Formation grade into the predominant aeolian 
environment of the Cedar Mesa Sandstone. Two localities form this extent of the 
depositional model, Indian Falls and Dugout Ranch. The Indian Falls locality is described 
to represent the system within the distal zone of interaction.  
Indian Falls 
The deposits at the Indian Falls locality represent the distal extent of the zone of 
interaction, and are more relatable to the subdivision of the Cedar Mesa Sandstone 
(Figure 7.12). The deposits suggest deposition within a periodically flooded aeolian erg 
system, with the development of large-scale and long-standing wet interdune 
intermissions. These long standing interdune environments often facilitated carbonate 
growth. The interdune-derived carbonates can be distinguished from the common shallow 
marine carbonates due to the presence of preserved continental flora within the deposits, 
and the apparent lack of marine fossil content. A palaeosolic horizon can also be identified 
within the deposits, which suggests that periods of surface stabilisation and depositional 
quiescence were common at the time of deposition. The aeolian systems begin to 
dominate more regularly towards the top of the exposure, indicating that the climate as 
whole was becoming predominately more arid throughout the later stage of the Permian 
Period.  
The basal cyclicity is represented by stacked accumulations of drying upwards cycles. 
This resulted in periods of surface stability, mainly represented by the presence of long-
standing interdune environments, which were only occasionally recharged by water-rich 
environments, or through an overall rise in the water table. The mid-section of the 
exposure at the Indian Falls locality is represented by a stacked wetting upwards cyclicity. 
There is again the development of long-standing interdune environments, although these 
are periodically recharged, most likely by an overall rise in the water table.  
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Figure 7.12. The deposits of the exposures around the Indian Falls area have been interpreted to 
display observed climatic cyclicity. The Indian Falls locality represents the distal extent of the 
zone of interaction. It is occasionally considered to represent the Cedar Mesa Sandstone, a 
flooded aeolian erg system.  
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The resultant deposits of these interdune environments are continental-flora rich 
carbonate bodies. The stacking of the wetting upwards section of the cyclicity results in 
periodic sediment accumulation and subsequent erosion. The top of the succession again 
displays a stacking of the arid cycles, leading to periods of surface stabilisation and minor 
amounts of sediment erosion and deflation. These periods of erosion significantly reduce 
the preserved thickness of the sediment, but it does not erode below the observed base 
level. 
7.4 Basin-scale correlation  
The deposits of the Cutler Group are far reaching, and transition from the basin margin 
alluvial fans through to the contemporaneous deposits of the distal extent of the basin. In 
order to better understand the evolution of these depositional systems, the deposits have 
been correlated lithostratigraphically, chronostratigraphically, and cyclostratigraphically 
throughout the Paradox Basin.   
7.4.1 Lithostratigraphical correlation 
Lithostratigraphical interpretations divide geological formations in terms of physical 
differences. The proximal extent of the basin is dominated by undivided alluvial fans, and 
fan related depositional systems, which are controlled by base-level alterations, localised 
climate variations, and small-scale tectonic activity. This leads to highly variable localised 
depositional systems which alternate between debris-driven flows, water-driven flows and 
occasional aeolian, lacustrine and marine depositional settings. As the systems are 
variable, and often interdigitate with one another, it proves difficult to find correlatable 
lithostratigraphical horizons within the alluvial fan (Figure 7.13). Due to the complexity of 
the basin margin depositional systems, the deposits are often considered as a singular 
lithostratigraphical unit.  
Away from the basin margin, towards the Salt-Mini-Basin Province, the deposits of the 
Cutler Group become more representative of water-driven environments. These water-
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driven environments dominated throughout the entire extent of the Salt-Mini-Basin 
Province, until the environments began to interdigitate with contemporaneous typical 
continental environments within the basin centre. The distal depositional environments 
have been subdivided to depositional system level, including: 1) the shallow marine 
deposits of the lower Cutler beds; 2) the terminal fluvial fan of the Organ Rock Formation; 
3) the wide-spread aeolian erg of the Cedar Mesa Sandstone; and, 3) the small-scale erg 
of the White Rim Sandstone Member.  
The lithostratigraphical boundaries throughout the proximal extent of the basin, Salt-Mini-
Basin Province and the zone of interaction are not easily identifiable, and the alluvial fan is 
currently considered to be undivided. The lithostratigraphical correlation can highlight the 
changeable nature of the depositional environments both laterally across the basin, and 
temporally up-section, but the method does not aid in the prediction of architectural 
element placement in poorly exposed basins or in subsurface alluvial fan deposits. The 
other limitation is that lithostratigraphical correlation requires almost continuous exposure, 
especially when the environments are as changeable as those that dominate the proximal 
extent of the Cutler Group. The one benefit from constructing a lithostratigraphical 
correlation across the Cutler Group deposits from the proximal to distal extent of the 
Paradox Basin is that a chronostratigraphical diagram can be developed from the 
deposits. The chronostratigraphical diagram highlights the effect of uplift from the 
Pennsylvanian Paradox Formation evaporites throughout the Salt-Mini-Basin Province 
(Figure 7.14).  
Correlating the deposits in relation to changing climatic cyclicity does consider the 
deposits in a chronostratigraphical sense, however, it disregards external factors to 
climatic changes, such as base level change controlled by uplift above the Paradox 
Formation salt walls and diapirs.   
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Figure 7.13. Lithostratigraphical correlation across the Paradox Basin. The diagram displays how the environments evolve across the basin, from the proximal debris-driven alluvial fan environments, through the predominately more 
water-driven depositional mechanisms of the mega-fan environment into the zone of interaction between the fan environments and the environments of the distal basin. The clearly segregated environments of the distal extent of the 
basin are easily identifiable. Despite showing the lateral evolution of the basin, there are no clear correlatable horizons identified throughout the deposits of the Paradox Basin. Log abbreviations outlined in Table 7.3.  
Figure 7.14. A chronostratigraphical interpretation derived from the depositional boundaries observed within the lithostratigraphical correlation. The chronostratigraphical diagram again displays how the environments evolve throughout 
the basin, and how, in terms of time, each of the depositional environments interact with the contemporaneous distal environments. The diagram also outlines how the salt uplift is periodic, with the occasional creation of sediment 
buffers, and occasional bypass of the systems throughout the Salt-Mini-Basin province. Again, the chronostratigraphical diagram will not aid in the prediction of depositional package placement in other, poorly exposed, basins. The 
chronostratigraphical interpretation is more limited in extent than the lithostratigraphical diagram (The ‘A’ and ‘B’ on both correspond to distance covered).   
A B 
A B 
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Table 7.3. List of log name abbreviations 
 
The chronostratigraphical correlation highlights periods of erosion, depositional 
quiescence and salt uplift within the depositional system. The chronostratigraphical 
interpretation is difficult to constrain as there are no datable horizons throughout the 
Cutler Group deposits. There is a complete lack of volcanism in the area and an absence 
of datable biota. There is again a lack of available exposure within the distal extent of the 
Salt-Mini-Basin Province, between Castle Valley and Moab, which means that a 
continuous interpretation throughout this area is not possible.   
 
Abbreviation 
 
 
Log Name 
 
  
Abbreviation 
 
Log Name 
 
CD 
 
 
Castro Draw 
 
PO 
 
Potash 
    
 
GL 
 
 
Gateway Lobes 
 
PR 
 
Potash River 
    
 
JB 
 
 
John Brown Canyon 
 
BR 
 
Potash Boat Ramp 
    
 
HB 
 
 
Hittle Butte 
 
ST 
 
Shafer Trail 
    
 
FT 
 
 
Fisher Towers 
 
GN 
 
Gooseneck 
    
 
TT 
 
 
Fisher Towers Top 
 
KC 
 
Kane Creek 
    
 
CV 
 
 
Castle Valley 
 
LQ 
 
Lockhart Quarry 
    
 
WR 
 
 
Castle Valley – White Rim 
 
SD 
 
Lockhart Sand Dune 
    
 
HV 
 
 
Hidden Valley 
 
RD 
 
Lockhart Rainy Day 
    
 
KB 
 
 
Killer Bee 
 
GD 
 
Gibson Dome 
    
 
MB 
 
 
Moab 
 
IF 
 
Indian Falls 
    
 
MC 
 
 
Seven Mile Canyon 
 
DR 
 
Dugout Ranch  
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7.4.2 Cyclostratigraphical correlation 
Multiple and competing factors occur within arid continental basins, therefore correlating 
through the deposits is relatively difficult. In addition to the larger basin-scale and global 
cyclic changes in climate, there are also small-scale and localised alterations in climate, 
base-level, and sediment supply. This causes a complexity when trying to divide the 
sediment packages in terms of depositional environment. The above identification of 
qualitative climatic cycles for each of the logged localities across the extent of the Paradox 
Basin transect allows for a cyclostratigraphical correlation. This correlation can be 
incorporated into larger scale cycles identified within the Cedar Mesa Sandstone (Jagger 
2004), to identify which of the cycles are evident within the contemporaneous distal 
depositional systems. This allows for smaller-scale cycles to be recognised within the 
deposits (Figure 7.15).  
Despite the larger-scale scale cycles being qualitative, they can potentially be related to 
orbital forced cyclicity. These can be related to distal alterations in sea-level, as the 
predominant source for the aeolian sediments of the Cedar Mesa Sandstone is the 
exposed coastline in the distal extent of the basin. During the Permian Period, global sea 
level fluctuations are relatively well known, however, they occurred with more frequency 
than the cycles that can be identified within the Cutler Group sediments. The climate at 
the onset of the Permian Period was recovering from a mass glaciation, which occurred 
towards the end of the Carboniferous Period, typified by the far-reaching Gondwana 
icecaps (Roscher & Schneider 2006). The gradational melting of the icecaps meant that 
the Pangean supercontinent was situated in an arid climatic belt during the Lower 
Permian Period. The aridity is heightened as the Paradox Basin was situated towards the 
western margin of continental Pangea during the Permian Period. Cyclic glacial and 
interglacial periods led to predictable lowstands in global sea level (Haq & Schutter 2008). 
These lowstands were relatively periodic throughout the lower Permian Period, and 
became more quasi-periodic towards the late Permian Period.  
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 Figure 7.16. Identification of flow zones throughout the correlated deposits across the Paradox Basin. Schematic depositional environment logs have been superimposed on the top of the logs that display climatic variability. Laterally 
continuous zones that facilitate flow are evident throughout the alluvial fan system, and predictable connectivity occurs within the aeolian and fluvial cycles that occur in the distal extent of the basin. The interested connectivity occurs 
throughout the zone of interaction, leading to a complex network of flow zones between the distal and proximal extents of the Paradox Basin. The flow zone interpretation displays only the flow zones that will be the most productive. The 
episodic fluvial systems also have the potential to act as flow conduits, meaning that the flow zones may be much more connected up section. Log name abbreviations are presented in Table 7.3.  
Figure 7.15. Cyclostratigraphical correlation across the Paradox Basin. The log-scale cyclicity can be hung along the clear beds formed from the marine incursions, and the subsequent correlation through the deposits highlights periodic 
cyclicity, some of which can be related to potential orbital forced cycles observed in the distal extent of the basin (Jagger 2003). Periodic and quasi-periodic cycles can also be identified, which relate to intrabasinal autocyclic variations. 
Localised cyclicity is also observed, and has been attributed to localised alterations in climate variability, sediment supply and changes in base level. Log name abbreviations are presented in Table 7.3.  
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Within the undivided Cutler Group sediments, smaller scale periodic cyclicity can be 
identified and correlated across the Paradox Basin. The cyclicity occurred with an 
apparent regularity, which can also be correlated across the entirety of the basin. These 
can be potentially related to smaller-scale autocyclic variations in climate, which are 
limited to the Colorado Plateau and Paradox Basin. The Paradox Basin was initially 
situated on the western margin of equatorial Pangea, but gradually shifted northwards 
throughout the Permian Period to inhabit the central part of the tropic zone. The overprint 
of this migration could be responsible for these longer-term periodic climatic cycles.  
Even smaller scale, quasi-periodic cycles can be identified throughout the Cutler Group 
deposits. These occur with a degree of regularity, but the periodicity is difficult to predict. 
These can be related to even smaller-scale climatic alterations, such as the elevated 
degree of meteoric water influx along the uplifted basin margin, which can cause the 
further propagation of water-driven components of the fan system. The localised 
restriction of fluid influx into the basin leads to the development of both aeolian 
accumulations and the development of palaeosolic horizons across the basin. In addition 
to these larger scale cycles, very small-scale and localised cyclic variations can also be 
identified throughout the basin. These localised cycles can be attributed to small-scale 
and highly localised variations in sediment supply, base level, through the uplift of the 
Paradox Basin evaporites, localised rises in water table, periods of surface stabilisation 
caused by localised uplifted horizons, and through lobe switching within the fan 
environment.  
After the analysis of these climatic correlations, the predominant depositional 
environments can be assumed throughout each of these climatically driven cycles. The 
placement of these predictable depositional packages can lead to the identification of 
potential flow zones, and potential baffles throughout the sediments of the Cutler Group, 
Undivided (Figure 7.16). This analysis suggests that there is a high degree of connectivity 
within the fan system itself, with far reaching and continuous flow zones being apparent 
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between zones that restrict flow. The zone of interaction displays a heightened degree of 
connectivity. In addition to the lateral connectivity displayed within both the fan sediments 
and throughout the deposits of the distal part of the basin, the zone of interaction shows 
connectivity up-section. The schematic placement of these flow zones can aid in the 
prediction of how far-reaching fluids within the system will propagate in the subsurface. 
The generalised flow zones will be a good preliminary aid in the modelling of flow zones. It 
is important to note that localised complications will apply to each individual fan and zone 
of interaction in other poorly exposed basins.  
7.5 Discussion 
This work has taken a qualitative approach to understand the climatic changes throughout 
each of the logged sections. Numerical and computational methods have been attempted, 
but, as the Cutler Group alluvial fans are highly variable, the output data show no clear 
cyclicity. The qualitative approach highlights periods of wetting and drying in the deposits, 
periods of sediment erosion, surface stabilisation, and variations in sedimentation rate. 
The limitation of the approach is that the deposits are not dateable, due to a lack of local 
volcanism and dateable biota. Despite this, the correlation based on the climatic curves 
can aid in the understanding of lesser exposed deposits in other basin margin systems.  
Correlations based on climatic cyclicity have been used to better understand the 
depositional system of the Cutler Group as lithostratigraphical correlations are 
problematical in restricted continental basins. Smaller-scale autogenic cycles can override 
predictable allocyclic patterns in restricted continental basins. In addition to this, it is 
common to have competing contemporaneous depositional environments present at one 
single time period. Fan systems stand proud on the basin surface, and therefore the fan is 
often juxtaposed against latter-stage basin centre fill. Fan systems, and other related 
continental environments, such as lacustrine systems, are relatively limited in extent, and 
this lack of lateral connectivity means that is relatively difficult to correlate through the 
sediments.  
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Due to the mobile nature of the majority of continental deposits, a proportion of deposited 
sediment is remobilised and removed. There is also evidence of periods of surface 
stabilisation, usually observed through the development of palaeosolic horizons. 
Depositional shadows are also commonplace, leading to less sediment accumulation in 
the area. 
7.6 Summary 
This chapter establishes that the best method for basin-scale correlation to use the fan-
scale response of architectural elements to climatic alterations in order to understand the 
temporal cyclicity on a log scale using the identification of drying and wetting cycles. The 
method outlines that the predominantly debris-driven extent of the basin is subject to an 
elevated degree of climatic variations. This can be interpreted as having been derived by 
increasing and decreasing influxes of water along the front of the Uncompahgre Uplift. 
This can also be attributed to the more dynamic nature of the proximal fan environment, 
for example, through lobe switching events. These small-sale variations became far more 
stabilised with distance throughout the fan environment, and as such, the depositional 
processes became more stabilised.  
Towards the zone of interaction, the observed cyclicity becomes slightly more variable 
again, as numerous depositional environments competed during deposition. The fan 
environments are sourced from the Uncompahgre Uplift, and then interact in the zone of 
interaction with contemporaneous distal depositional environments. Again, these 
variations stabilised with distance towards the cotemporaneous distal extent of the basin 
as the effects of the interactions with the alluvial fan environment reduced.  
The final aspect of the chapter considers the correlation across the basin. The 
lithostratigraphical correlation displays how the environments evolved across the Paradox 
Basin. This interpretation is so variable that it is limited to correlation solely within the 
Cutler Group sediments. This means that the correlation is not relatable to deposits in 
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other poorly exposed basins. As climatic changes are more predictable on a basin scale, 
qualitative cyclostratigraphical correlation can be used to create a more relatable model. 
Broad-brush flow zones can be identified within the boundaries of the correlation, and the 
model of these crude flow zones can be used to predict flow in other poorly exposed 
basins.  
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In this chapter, the results presented in the preceding chapters are critically evaluated. 
This research considers the interpretation of the strata of the undivided Cutler Group as 
the product of a far reaching alluvial fan system, in addition to analysing the factors that 
control both the placement and the extent of the fan. There are previous debates in the 
literature as to whether fan development was predominately controlled by tectonics or 
climate, and the following chapter discusses the limitations of each. This research 
ascertains that the main control on the deposition of the Cutler Group is climatic.  
The deposits of both the alluvial fan and the zone of interaction between the fan and the 
contemporaneous deposits in the distal extent of the basin can have a marked effect on 
subsequent basin-scale fluid flow. This chapter considers: 1) how the depositional system 
of the alluvial fan environment itself interconnects the relatively more permeable fan 
elements, 2) how the zone of interaction affects fluid flow between the proximal and distal 
extent of the basin, and 3) how the identified cyclicity within the basin deposits controls 
subsequent fluid flow throughout the basin.  
8.1 Permian Cutler Group, Undivided 
The Permian Cutler Group is predominately deposited off the Uncompahgre Uplift, along 
the northeastern margin of the Paradox Basin (Figure 8.1). It forms a lithostratigraphically 
undivided clastic wedge that prograded into the centre of the Paradox Basin. The Paradox 
Basin is often defined by the limit of the evaporites of the Paradox Formation, however 
during the Permian Period the recognised basin extends over a larger geographical area 
(Dubiel et al. 2009). This research considers the Paradox Basin as it was in extent in the 
Permian Period.  
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Figure 8.1. Map of the Paradox Basin, southwest U.S.A. The field localities extend from the town 
of Gateway in Colorado, just beneath the controlling thrust fault of the Uncompahgre Uplift, 
through to the easterly margin of Canyonlands National Park in Utah. The localities consider the 
Cutler Group alluvial fans, the zone of interaction, and the contemporaneous deposits of the distal 
extent of the basin, (After Nuccio & Condon 1996).  
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The Cutler Group, Undivided has been interpreted as a mega alluvial fan, as it extends 
approximately fifty kilometres from the proximal extent of the Paradox Basin. The typical 
sedimentation linked to the fan system becomes limited towards the Hittle Butte and 
Fisher Towers localities. This is evidenced by a decrease in the preservation of typical fan 
elements, such as debris flows, and an increase in the amount of preserved secondary 
environments, such as aeolian and shallow, small-scale lacustrine. The development of 
these restricted aeolian environments on the fan surface suggests that there were 
episodic periods of fan quiescence towards the fan toe, which led to inactivity on the fan 
surface, and allowed for the development of these secondary environments. When the fan 
was controlled by more water-rich environments, it propagated further throughout the 
Paradox Basin, extending southwest towards the Moab area. It has been suggested that 
the alluvial fan depositional processes are episodically interrupted by axial fluvial systems, 
which cut the fan toe, and restricted the development of the fan (Venus et al. 2014). 
Despite this, palaeocurrents gathered during this research suggest that, as a whole, the 
deposits still dissipate in a fan-shaped architecture away from the Uncompahgre Uplift. 
The interruption by axial fluvial systems could affect deposition in the medial extent of the 
basin, around the Salt-Mini-Basin Province, and along the alluvial fan toe.   
The alluvial fan environments graded away from the Uncompahgre Uplift into the 
contemporaneous subdivided deposits of the distal extent of the basin. There is a 
transitional area between the fan and the distal deposits, which is referred to as the zone 
of interaction, or informally as the ‘Arkosic Facies’ within literature that pertains to the 
overall Cutler Group. The deposits of this zone of interaction are not well documented 
within the literature, but are touched upon briefly in USGS mapping reports of the Paradox 
Basin (Doelling 2001). The geological map suggests that the zone of interaction occurs 
between the Moab area and Lockhart Canyon. This research has identified that the 
interactions between the fan and the contemporaneous deposits of the distal extent of the 
basin are more spatially extensive than this. Interactions can be observed from the Fisher 
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Towers locality, through the Salt-Mini-Basin Province, to the easterly margin of 
Canyonlands National Park. The debris flow interactions mainly occurred within the Salt-
Mini-Basin Province, due to the extent of the debris-driven depositional processes being 
limited to the more proximal areas of the basin. In contrast to this, the water-driven 
interactions occurred over a wider area in the basin, due to the far-reaching nature of the 
fluvial environment. Aeolian environments were wide-spread, and as such, the 
interactions occurred throughout the entirety of the zone of interaction.  
8.2 Complexities of continental sedimentology 
The predominant controls on continental deposition are through changes in eustatic sea-
level, tectonics, or climate, which affect accommodation space and sediment availability. 
Eustatic controls mainly affect the distal-most environments, through sea-level 
regressions and transgressions. Tectonic activity leads to basin margin uplift, which 
increases sediment supply, sediment instability, and generates the required topography 
for fan deposition. Climatic variations control the spatial variance and location of the fan, 
through variations in mountain front denudation, and sediment instability. In addition to 
eustatic, tectonic and climate controls, sedimentation is also affected by secondary factors 
such as localised uplift, surface stabilisation and vegetation, bedrock geology, and seismic 
instability.  
Within unrestricted continental basins, eustatic effects can distinctly control deposition. 
Periods of sea-level regression cause: 1) an increased amount of exposed shoreline, 
which can provide source material for coast-proximal aeolian systems; 2) the downcutting 
of fluvial systems until they reach equilibrium with base level; and, 3) the presence of 
shallow, long-lived sabkha lakes, (Shanley & McCabe 1994, Posamentier 1988). The 
sedimentological effects of regressions are more prominent in extensional basins, as the 
basin floor is of a higher angle than within typical foreland basins. Sea-level 
transgressions cause: 1) the flooding of continental basins, especially if the basin floor is 
shallow; 2) the shutdown of deposition within coastal aeolian environments; 3) the 
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embayment of fluvial systems; and, 4) the development of lacustrine systems, either in 
stand-alone environments or ponds that form within interdunes (Shanley & McCabe 1994, 
Blum & Tornqvist 2000).  
This work has highlighted periodic transgressions throughout the early Permian Period. 
These transgressions led to the preservation of marine strata as far into the basin as the 
Salt-Mini-Basin Province, where various marine biota-rich beds have been observed 
during this research. The effects of sea level regressions are minimal in the proximal 
areas of the Cutler Group, but can be assumed due to the start-up of typical continental 
deposition following on from the transgressions. An abundance of eustatic controls can be 
observed in the contemporaneous deposits of the distal extent of the basin (Jordan & 
Mountney 2012, Mountney & Jagger 2004). However, this research highlights that these 
controls do not extend as far as the basin margin system of the Cutler Group, Undivided.  
In tectonically active basins, uplift is considered to be the main controlling factor for 
alluvial fan location along the basin margin front (Quigley et al. 2007, Densmore et al. 
2007). Tectonics also controls the propagation of the fan throughout the basin (Jones et 
al. 2014). If the basin is tectonically active, then the fan system is mainly aggradational. If 
there is a lack of tectonics controlling deposition into the basin, then the fan progrades 
throughout the basin. Retrogradation of the fan system is controlled by the deflation of the 
fan system during periods of wind-dominated deposition. Tectonic uplift in foreland basins 
is required for the initial creation of accommodation space. Therefore, the inceptive uplift 
of the Uncompahgre Uplift is essential for the development of the fan. Following on from 
this initial tectonic activity, the Paradox Basin experienced a period of tectonic quiescence 
during the early Permian Period, due to the discontinued uplift of the Uncompahgre 
(Condon 1997). Despite this, there are localised tectonic effects on fan deposition from 
periodic uplift of the underlying evaporite-rich Paradox Formation, which can divert and 
control depositional systems locally, and affect the deposited sediments within the lower-
most extent of the proximal Cutler Group sediments (Venus et al. 2014).  
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Three coarsening upwards successions can be identified in the proximal extent of the 
Cutler Group fans, suggesting that rare periods of episodic tectonic uplift were present 
throughout the Permian Period (Mack & Rasmussen 1984). Despite this, this research 
suggests that the deposition of the overall system is the result of climatic fluctuations, as 
the fan progrades through time. This suggests a lack of tectonic influence on deposition. 
The fact that the Paradox Basin was predominately tectonically quiescent during the 
Permian Period means that the effects of climate on the development of the alluvial fan 
system can be distinguished easily from the rare tectonic controls.  
Climate controls the extent and size of the fan systems due to various changing 
parameters. The main control that climate has upon sedimentation is through the increase 
or decrease in sediment supply. Arid periods lead to very little typical alluvial fan 
deposition within the system, apart from sporadic mass wasting events. More humid 
periods allow for water-driven mass wasting events, and the progradation of the alluvial 
fan system. The majority of the classical depositional processes, such as fluvial, debris 
flows and sheetfloods, are initiated through the influx and entrainment of water within the 
sediments. The dominance of climatic controls within the proximal-most extent of the 
undivided Cutler Group is highly debated. Occasional literature suggests that the 
presence of tectonically driven coarsening upwards events, and the occurrence of 
frequent pedogenic horizons, indicates an overall lack of climatic controls (Mack & 
Rasmussen 1984). However, further research (Dubiel et al. 2009, Blair & McPherson 
1994) and this current work, suggests that climate fluctuations are the predominant cause 
of these fan-building events. The pedogenic horizons could have developed due to 
extended periods of depositional quiescence in the fan system.  
The climatic regime itself is highly debated within the literature. The palaeoclimate at the 
time of deposition is commonly considered to have been semi-arid (Baars 1962, Mallory 
1958, Mack & Rasmussen 1984, Blair & McPherson 1994, Venus et al. 2014). The data 
collated and analysed throughout this research suggest a predominantly semi-arid 
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environment, with episodic occurrences of water-rich depositional dominance. The aridity 
is interpreted from the frequent development calcrete rich horizons, aeolian interbeds, and 
the abundance of typical proximal fan environments. Various authors have suggested 
differing climatic regimes, such as significant periods of humidity (Campbell 1980), 
seasonal wetness (Barbeau 2003, Dubiel et al. 1996), and proglacial environments 
(Soreghan et al. 2009). This work has observed no evidence of such environments, but 
fan head entrenchment, abundance of sheetfloods, and periods of more fluvially 
dominated fan environments suggests that intermittent periods of increased humidity 
occurred. 
8.3 Complexities of climate as a correlation tool 
The identification of climatic cycles is used to cyclostratigraphically correlate across the 
basin. This is due to the difficultly of lithostratigraphical correlations within continental 
systems. The first issue with lithostratigraphy is that large-scale allocyclic and smaller-
scale localised variations in climate, sediment supply, minor tectonics, and base level, 
affect deposition of the sediments across continental basins. This leads to a lack of clear 
correlatable horizons, as would be highlighted in strata resulting from sea level variations 
in marine depositional settings. In addition to this, more than one depositional 
environment is present at each time interval within continental basin deposits. The alluvial 
fan environment often stands proud above the basin surface, whereas the 
contemporaneous infill of the distal extent of the basin occurs at a lower rate, and in 
individual stages (Figure 8.2a). As a result of this, the depositional environments that 
relate to different time periods are often juxtaposed against one another (Figure 8.2b). For 
example, depositional systems that occur at the interval of ‘time one’ (alluvial fan setting), 
occur stratigraphically adjacent to the later stage infill of the distal extent of the basin 
(‘time two’).  
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A. Two depositional environments at one time period.  
 
B. Juxtaposition of two time periods at one horizon.  
 
C. Laterally discontinuous depositional environments.  
 
D. Periods of erosion, surface stabilisation, and depositional shadows.  
Figure 8.2. (A), In arid continental basins, it is common for two depositional environments to occur 
at one time period, one dominating deposition in the fan, and one dominating the contemporaneous 
deposition in the distal basin. (B), Different time periods are often juxtaposed against one another, 
as the fan stands proud on the basin floor. (C), Depositional environments in arid continental 
basins are often laterally discontinuous, making correlatable horizons difficult to identify. (D), 
Periods of erosion and surface stabilisation also lead to a lack of correlatable horizons. In addition 
to this, depositional shadows also have a prominent effect on depositional packages throughout the 
basin.    
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A high proportion of the depositional environments are localised, and laterally 
discontinuous (Figure 8.2c). The fan environments only extend a limited amount into the 
more medial and distal extents of the basin and the environments extinguish at an 
indeterminate point in the zone of interaction. The periodic shallow marine incursions that 
occurred throughout the lower extent of the deposition of the Cutler Group are again not 
laterally continuous throughout the basin, and are limited to the distal basin and the zone 
of interaction, with one exemption of evidence of a single marine incursion in the medial 
Salt-Mini-Basin Province, around the Onion Creek area. Lacustrine systems are also 
laterally discontinuous throughout the deposits of the Cutler Group, Undivided. Within arid 
continental basins there are also cases of extended periods of erosion and surface 
stabilisation (Figure 8.2d). Aeolian environments commonly only preserve sediment 
beneath the water table during periods of aeolian deflation, or are commonly reworked 
during periods of maximum flooding. Isolated dune forms can be preserved in their 
entirety when surrounded by flood events, which slowly infill the low ground surrounding 
the dune forms.  
Periods of surface stabilisation are also evident throughout the deposits of the Cutler 
Group, and as these periods of surface stabilisation persist for an indeterminate amount of 
time, it is difficult to correlate lithostratigraphically across them. The periods of surface 
stabilisation can be represented by a hiatus in deposition, such as on abandoned alluvial 
fan lobes, or within localised uplifted horizons, such as those caused by the growth of salt 
walls during the infill of the basin (Figure 8.2d). Palaeosols also represent these periods of 
surface stabilisation (Figure 8.2d). Another problematical aspect of the lithostratigraphical 
correlation across the Paradox Basin is that, throughout the Permian Period, there is a 
complete lack of any dateable horizons. There is no volcanism and no datable biota that 
can be recognised throughout the entirety of the Cutler Group sediments.   
The qualitative method of relating the identifiable small-scale response of each of the 
architectural elements to climatic variations to the deposits of each of the logged localities 
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has been used, as attempting a quantitative method is restricted due to the complex 
nature of the competing depositional systems. The issue with the qualitative approach is 
that it is difficult to relate it to definitive time horizons, and as a result of this, the cyclicity 
can only be divided to display: 1) dominant cycles; 2) cycles that occur periodically and 
relate to basin-scale cyclic changes; 3) quasi-periodic localised climatic variations; and, 4) 
variations that are localised to constricted points within the depositional system. Using the 
qualitative method, however, can facilitate correlation across the Paradox Basin 
sediments, which is relatively simplistic in relation to common lithostratigraphical 
correlations. This simplified nature can aid in the prediction of related flow zones in poorly 
exposed strata.  
8.4 Water flow in proximal continental basins 
Alluvial fans have been considered traditionally to be relatively impermeable, and have 
commonly been modelled as such (Nilsen 1982). In recent years, the sediment bodies 
have been considered as more complex reservoirs with the potential for hydrocarbon 
exploration, CO2 sequestration, and nuclear waste storage (Morse 1994). This thesis has 
highlighted particular elements which have an elevated permeability in comparison to the 
impermeable elements of alluvial fans. This can affect the overall fluid flow throughout the 
basin, causing the fan to act as a pathway to charge distal reservoirs, or as potential thief 
zones away from the deposits of the distal extent of the basin.  
8.4.1 Conduit potential of the fan 
Various elements of the alluvial fan have an increased permeability in contrast to other 
elements (Figure 8.3). The coarse-grained components that form the talus cone tend to 
have a lack of matrix support, causing an elevated permeability. These elements 
dominate the proximal-most part of the fan system leading to up-section connectivity 
within the clastic mass at the basin margin. Extending from the talus cone, coarse-grained 
debris flow deposits occur throughout the sediments. The surface of the debris flows were 
often exposed for extended periods of time, allowing for extensive surface winnowing, and 
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the removal of the matrix from between the clasts. This winnowing reflects the amount of 
time between depositional episodes. If the development of the fan system is episodic and 
long-lived then the amount of winnowing will be heightened.  
In addition to the debris rich deposits, the coarse-grained base of the proximal braided 
fluvial systems can also act as fluid conduits, and are connected longitudinally across the 
alluvial fan. Despite the elements being connected from the proximal to the distal extent of 
the basin, they are relatively disconnected within the transverse section. This 
disconnection suggests that the potential permeable areas are isolated, but have the 
potential to act as long-reaching flow pathways. By the medial extent of the alluvial fan 
body, secondary fan related environments begin to interdigitate with typical fan deposits. 
The main elements that relate to these secondary environments are lacustrine, axial 
fluvial, and aeolian. The interplay with the aeolian environments furthers the flow potential 
of the alluvial fan. In addition to this, the interaction of the debris-rich sediments and the 
wind-driven processes increases the amount of winnowing, and exponentially increases 
the permeability of the deposits.  
It is important to consider how the more permeable elements are connected throughout 
the fan system. Along the transverse section, the permeable elements are isolated 
between more impermeable elements, such as fine-grained and fluvially-sourced 
overbank flood events. Because of this, lateral fluid flow can be restricted. The permeable 
elements are often connected longitudinally from the proximal to distal extent of the basin, 
as the more permeable elements are laterally extensive throughout the basin system. The 
exception to this are the aeolian elements, which are spatially extensive in the fan 
environment, this increases the connectivity throughout the medial and distal extent of the 
alluvial fan system. This longitudinal connectivity is essential when considering the effect 
that alluvial fan systems have upon basin-wide fluid-flow. 
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The connectivity can lead to the connection of isolated permeable bodies in the distal 
extent of the basin, can act as a bypass to charge these reservoirs, or can act as a thief 
zone away from charged reservoirs. The alluvial fan environment is highly dynamic and 
evolved rapidly both temporally and spatially, meaning that the predictability of these 
environments is tenuous. The knowledge that these clastic wedges do act as conduits 
aids with the assessment of these clastic bodies as reservoirs or aquifers. 
8.5 Effects of the zone of interaction on fluid flow 
The architectural elements of the zone of interaction can have a significant effect on 
subsequent basin fluid-flow. The sub-divided distal basin is formed from recognisable 
‘permeable bodies’ or ‘impermeable bodies’, but the processes that operated in the zone 
of interaction can affect the overall permeability. The deposits caused by these 
interactions can lead to: 1) a bypass to charge distal aquifers; 2) an increase in the 
proportion of impermeable lithologies throughout the zone of interaction; or, 3) the 
provision of a flow pathway away from fluid storage systems.  
8.5.1 Effects of debris flow – aeolian interactions on fluid flow  
Debris flow deposits comprise coarse-grade clasts, supported within a fine-grained matrix. 
Where wind-blown aeolian systems interact with these debris flows it leads to wind-
winnowing, and the removal of this fine-grained matrix (Figure 8.4). Evidence for such 
winnowing occurred along the debris flow fringe, and along the surface of the lobate 
debris flow deposits. This causes a superimposed clast-supported architecture within 
these deposits.  
The aeolian deposits have decent fluid storage potential, and episodically dominate the 
deposits of the distal extent of the basin. The transverse nature of the dune-forms 
facilitates pod-like interdunes, which rarely interrupts the permeable nature of the aeolian 
deposits. By contrast to this, the matrix supported areas of the debris flow are highly 
impermeable, due to the siltstone and fine-grained sandstones that dominate the matrix.  
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The debris flow deposits sit proud above the basin floor, and, as such, are not subject to 
the same degree of influence from deflationary or flooding events as the aeolian deposits. 
This can lead to extensive periods of winnowing, which allows for the creation of a thief 
zone away from the permeable aeolian deposits. The debris flow deposits possibly act as 
a bypass to charge the permeable aeolian deposits in the distal extent of the basin.   
8.5.2 Effects of debris flow – fluvial interactions on fluid flow 
Where the fluvial systems cut through the fan toe, the interaction resulted in a degree of 
fluvial reworking, in addition to the infiltration of fluvial waters into the relatively permeable 
debris-flow fringe deposits (Figure 8.4). This water intrusion led to water winnowing, and 
the subsequent removal of the fine-grained matrix. Due to the moisture content increasing 
the cohesive nature of the silt-grade component of the matrix, the finest component of the 
matrix commonly remains as a residue in amongst the clasts, as the energy of the 
infiltrating water was not high enough to facilitate the removal of the silt-grade sediment.  
Despite this, the winnowing of the debris deposits led to a higher proportion of clast-
supported architectures throughout the fan toe system. Again, this leads to an elevated 
permeability throughout the debris deposits. This, combined with the recharged coarse-
component of the fan-toe proximal fluvial systems, elevates the fluid-flow potential through 
the debris flow fringe. This creates a fluid pathway through this otherwise relatively 
impermeable system, causing a link between pre-existing permeable deposits. This can 
also lead to the outwards migration of fluid from the system. 
8.5.3 Effects of debris flow – lacustrine interactions on fluid flow 
The reworking of the debris deposits into lacustrine settings led to the partial removal of 
the fine-grained component of the debris flow (Figure 8.4). As the debris flow enters the 
lacustrine system, the coarser components of the debris flow are deposited first, with a 
relative lack of fine-grained matrix. The fine-grained aspect of the influxing debris deposits 
enters suspension, and then settles out over time, forming the top of the reworked 
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succession. This leads to an elevated degree of permeability in comparison to both the 
original debris flow deposits, and the lacustrine deposits. Over time, these deposits have 
the ability to stack, and can form a potential thief zone away from, or a bypass to charge, 
surrounding permeable sediment bodies.  
8.5.4 Effects of water-driven – aeolian interactions on fluid flow 
Aeolian deposits have the potential to have sufficient fluid storage, but can become 
disconnected between fine-grained overbank deposits when fluvial systems periodically 
flooded the distal part of the basin (Figure 8.4). These fine-grained sediments essentially 
act as baffles within the system. The stacked immature braided fluvial channels are 
commonly interconnected by coarse-grained crevasse splays and channel-proximal flood 
deposits. Again, the fine-grained component of the flood plain sedimentation isolates 
these otherwise permeable lithologies and interrupts the overall storage potential of the 
resultant deposits. In contrast to this, the regular occurrence of the fine-grained sediment 
led to the development of permissible seals within the potential fluid flow system. The 
seals will prevent the outwards migration of fluid.  
8.5.5 Effects of water-driven – lacustrine interactions on fluid flow 
Where fluvial systems influxed into lacustrine settings the fluvial-proximal edge of the 
lacustrine system became dominated by the reworked coarse-grained component of the 
fluid flow (Figure 8.4). This has a relatively elevated permeability in comparison to the 
remainder of the reworked deposits. The fine-grained to silt-grade component of the fluvial 
deposits act as a drape over these coarse-grained wedges. However, as these 
ephemerally-driven fluvial systems contained a below average fine-grained component, 
the relatively impermeable drapes merely act as thin baffles within the system, which can 
lead to a degree of leakage from the potentially permeable fluvial lithologies. This effect is 
accentuated as the seasonal recharge of the fluvial systems, and the lacustrine ponds, led 
to a temporal stacking of the deposits.  
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8.5.6 Other effects of the zone of interaction on fluid flow 
Where the proximal basin is dominated by aeolian environments, and these interacted 
with distal lacustrine systems, the resultant deposits have a relatively elevated 
permeability (Figure 8.4), due to the nature of the aeolian source sediment. These more 
permeable beds became disconnected between the fine-grained components of the 
influxing fluvial systems. The interbedded nature of the deposits has little effect on the 
overall permeability of the sediments, and rarely affects basin-scale fluid flow.  
Marine incursions episodically incurred into the Paradox Basin throughout the early 
Permian Period. Where present, the deposition of the carbonate beds on top of otherwise 
potentially permeable strata would have caused a restriction to potential fluid flow (Figure 
8.4). As these environments only occur episodically, and are laterally discontinuous, the 
effect on overall basin-scale fluid flow is minimal.  
8.5.7 Limitations on the identification of flow zones 
Various competing depositional environments need to be present at one geographical 
location in order for the unique sediments of the zone of interaction to occur. If these 
direct interactions are absent, there will be no effect on the permeability of the deposits. If 
the alluvial fan was dominated by debris-driven deposits, the interactions often led to an 
elevated permeability. This occurred either through the removal of the matrix (winnowing), 
or through the reworking of the deposits. In order for winnowing to occur, the debris-flow 
body must have been exposed for an extended period of time, which required irregular 
and episodic deposition. If deposition happened repetitively and frequently, the removal of 
the matrix would have been minimal. Again, for coarse subaqueous fans to form, the 
lacustrine bodies must have been active for relatively extended periods of time during 
basin fill.  
Fluvially dominated fan environments either led to a flooding of the distal basin, or to the 
build-up of subaqueous fans. Subaqueous fan development again depends upon the 
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longevity of the distal lacustrine systems. The flooding of the distal aeolian environments 
from the fluvially-dominated fab stems from the episodic infiltration of fluvial systems 
throughout the erg, which required heightened water influx into the proximal systems. In 
the subsurface it is difficult to identify the location of the deposits of the zone of 
interaction, but the analysis of the climatic variations can aid in the predication of the 
spatial occurrence of these deposits.  
8.6 Effects of climatic cyclicity on fluid flow 
The deposits of the zone of interaction (Chapter Five) greatly impact upon basin-scale 
fluid flow. These interacting environments occur at differing stages of the absolute climatic 
cycle. Therefore, if the stage of the climatic cycle can be predicted, the effects of these 
interacting architectures on subsequent fluid flow can be better established.  
Both the debris flow – aeolian interactions, and the water driven – aeolian interactions 
were deposited at the point at which the drying upwards stage of the cycle graded into the 
point of maximum aridity, or when the point of maximum aridity graded into the wetting 
upwards stage of the cycle (Figure 8.5c). During the debris flow – aeolian interaction the 
proximal extent of the basin was dominated by debris-driven deposits, and the gradation 
into maximum aridity led to a dominance of wind-blown processes and the creation of 
wind-winnowed debris-flow environments. This interaction relies on the temporal 
persistence of these debris-rich bodies. The winnowing resulted in the removal of the fine-
grained component of the debris flow deposits, and therefore resulted in an increased 
overall permeability.  
During the water driven – aeolian interaction the proximal part of the basin was dominated 
by flashy braided fluvial environments, and as the climate graded towards the point of 
maximum aridity, flooded aeolian plain architectures were formed.  
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The deposits formed within aeolian environments are usually considered to be relatively 
permeable, but the repeated flooding from these fine-grained fluvial environments resulted 
in the periodic introduction of fine-grained baffles throughout the system. This led to the 
restriction and isolation of otherwise relatively permeable sediment bodies. 
Both the debris flow – fluvial, and the water flow – lacustrine interactions were formed at 
the margins of the point of maximum humidity (Figure 8.5b). During the debris flow – 
fluvial interaction the proximal extent of the basin was dominated by debris-driven flows, 
and the distal extent of the basin was inhabited by large-scale fluvial systems, which were 
initiated during the relatively more humid-stages of the climatic cycle. This interaction 
caused a degree of water winnowing to occur. As with the wind-winnowed debris flows, 
this requires the debris-rich deposits to persist temporally through the contemporaneous 
fill of the basin centre. This water-winnowing resulted in the removal of the majority of the 
fine-grained matrix at the top and toe of the debris-deposits, and resulted in an overall 
increase in the permeability of the sediments.  
During the water flow – lacustrine interaction the proximal extent of the basin was 
dominated by water-driven depositional systems, and small-scale lacustrine systems 
developed within the distal extent of the basin. As a result of this interaction subaqueous 
wedge architectures were formed. The influx of fluvial systems into the lacustrine settings 
caused a slight increase in the overall permeability of the deposits. If the lacustrine 
systems were recharged over time, it can result in a stacking of this relatively more 
permeable lacustrine margin, creating flow pathways into, or out of, the deposits of the 
distal extent of the basin.  
Where the point of maximum aridity graded into the wetting upwards stage of the absolute 
climatic cycle it resulted in the aeolian – lacustrine interaction (Figure 8.5c). The wind-
blown processes that controlled the aeolian system fed aeolian-grade sediment into the 
lacustrine body. The inherited material appears better sorted and better rounded. Despite 
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this, the background sedimentation was generally mud-rich, therefore there is little to no 
effect on the permeability of the deposits. Within the Cutler Group, the lacustrine bodies 
are typically small-scale and stunted, causing the effects on permeability to be limited 
within the basin setting, unless the systems recharged and stacked over time, causing a 
degree of up-section connectivity.   
Debris flow – lacustrine interactions often occurred at the point of maximum humidity 
(Figure 8.5a). The interaction between these two environments resulted in the creation of 
coarse-grained subaqueous wedge morphologies. The reworking of the debris-rich 
deposits through a standing water body resulted in the deposition of coarser-grade clasts 
towards the lacustrine margins, and the suspension of finer-grained clasts in the agitated 
water, which subsequently gravitationally settled through the water column. The 
accumulation of coarse-grade clasts with a lack of matrix support along the lacustrine 
margin results in an increase in permeability throughout the deposits. If the interacting 
system persists temporally, it can stack which leads to the development of flow pathways 
into, or out of, the distal extent of the basin.  
8.6.1 Limitations of outcrop scale cyclicity  
When assessing the cyclicity at outcrop scale for the individually logged localities, parts of 
the sequence may be absent. Where this lack of sedimentation relates to part of a 
complete climatic cycle, the remainder of the sedimentation can be assumed, as the entire 
absolute cycle takes place regardless of subsequently preserved deposition. Despite this, 
there is the potential that entire cycles may be absent for various reasons, leading to 
absent sediments in the overall logged sections. Periods of depositional quiescence can 
extend for longer depositional periods than those represented by the periods of surface 
stabilisation identified throughout the deposits. The lack of certain aspects of the overall 
climatic evolution can lead to difficulties when attempting to correlate on the basis of the 
identified climatic changes.  
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Similarly, periods of increased erosion also led to absent aspects of the climatic cycle 
preserved throughout the entirety of the logged section. If this equated to more than part 
of one absolute climatic cycle then the exact amount of time represented by the eroded 
sediments is difficult to determine. Erosion throughout the Paradox Basin was usually 
localised and occurred either because of the localised rejuvenation of high-energy 
depositional systems, or through uplift caused by localised salt movement. The localised 
salt movement was prevalent throughout the Salt-Mini-Basin Province. The uplift of the 
salt resulted in small-scale remobilisation of the deposits and superimposed a prograding 
aspect to the accumulated sedimentary detritus.  
8.7 Summary  
The Cutler Group alluvial fans have previously been interpreted as a tectonically 
controlled system, climatically controlled system, or as a proglacial fan. Due to the 
tectonic nature of the Uncompahgre Uplift during the Permian Period, and the latitude of 
the Paradox Basin at the time of deposition, this research has established that varying 
scales of climatic alterations are the dominant control on fan deposition. This chapter 
highlights the complexities of deposition within continental basins, as the sedimentary 
systems can be controlled by eustatic, tectonic, and climatic variations as well as smaller 
scale, more localised changes. Intermontane continental basins are not affected by 
eustatic changes in sea level. If the basins are unrestricted, eustatic controls can influence 
the distal depositional systems. Within the Cutler Group, the distal fluvial and aeolian 
environments are the most affected by these eustatic variations. Tectonic controls can 
influence the placement of the fan system, and ensure continued sediment supply to the 
alluvial fan. Climatic changes, which are the predominant control on the Cutler Group fan, 
can control both the sediment supply to the fan, and the overall extent of the system.  
Alluvial fan systems are considered traditionally as impermeable clastic wedges, however, 
it has been established that these systems can have a marked effect on fluid flow through 
continental deposits. The fan system itself contains a series of longitudinally connected 
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flow conduits which can connect contemporaneous deposits in the distal extent of the 
basin to the highly permeable deposits of the talus cone in the most-proximal extent of the 
basin. In order to connect the distal and proximal basin it is important to consider how the 
zone of interaction affects fluid flow. The winnowing of coarse-grained debris flow 
deposits, or the removal of matrix due to reworking, creates zones of elevated fluid flow. 
Marine incursions, and repeated fluvial flood events into the contemporaneous distal 
environments, leads to the compartmentalisation of potential flow zones. The amount of 
effect the zone of interaction has upon fluid flow can change in different climatic regimes. 
The changing climate causes differing magnitudes of the sedimentary architectures 
produced by the styles of environment interaction.  
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This research uses a well-exposed analogue of a continental basin margin system to 
better understand similar depositional systems in the subsurface. The models developed 
for the Cutler Group of the Paradox Basin, western U.S.A (Chapter Four) are used to 
recognise similar depositional mechanisms in the Brockram Facies, northern England, the 
deposits of which form part of the system surrounding a potential nuclear waste repository 
in the East Irish Sea Basin. The well-exposed deposits of the Cutler Group have been 
analysed to establish the sedimentary signature of the depositional processes of the fan 
system and the zone of interaction between the proximal fan and the distal extent of the 
basin (chapters Three, Four and Five). In order to better predict the evolution of the 
continental basin margin systems, the climatic evolution of the fan and the fan related 
environments has been assessed to ascertain the effects of climate cyclicity on the 
deposits. This has been done on both a fan-scale (Chapter Six) and basin-scale (Chapter 
Seven). In this chapter, the analysis of the well-exposed alluvial fan environment of the 
Cutler Group is discussed to further understand the poorly exposed Brockram Facies, 
northern England  
Exposures of the Brockram Facies occur sporadically throughout the Eden Valley Basin, 
the most continuous of which occur around Appleby-in-Westmorland and Kirkby Stephen. 
The exposed deposits give an insight into the alluvial fan systems of the Brockram Facies, 
as well as evidence of interactions between the facies and the contemporaneous 
deposition of the dominantly aeolian Penrith Sandstone Formation. The deposits of the 
Brockram Facies also occur within the subsurface of the East Irish Sea Basin where, even 
though exposure is not present, data are available through core. The facies analysis of the 
deposits observed at borehole scale allows for the interpretation of the depositional 
environments throughout the Permian basin margin system of the East Irish Sea Basin. 
CHAPTER NINE: 
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This is achieved through analysing the development of individual facies and facies 
associations, and relating these to the depositional elements that have been observed 
within the deposits of the Cutler Group. These environments can be used to identify the 
positioning of each of these boreholes in relation to the modelled alluvial fan environment 
in order to better understand the deposits in the subsurface, and the connectivity of the 
fan environments. This connectivity can be used to establish flow zones throughout the 
deposits of the East Irish Sea Basin. These flow zones can be verified by analysing the 
mineralisation events that are evident throughout the deposits of the Brockram Facies. 
9.1 The Brockram Facies 
Throughout England and Wales, the Variscan Orogeny characterised the earliest Permian 
Period (Fitch & Miller 1964). The Variscan Orogeny saw the amalgamation of Gondwana 
and Laurussia to form the Pangean supercontinent.  After the orogeny, thermal relaxation 
and extensional tectonics generated small, isolated, intracratonic basins throughout the 
landmass that now forms the United Kingdom, its Atlantic margin and the North Sea, 
which became depocentres for Permian sediments (Figure 9.1). During the Permian 
Period, Pangea migrated northwards from humid, subtropical latitudes towards more 
equatorial climates (Glover & Powell 1996). This northward migration, combined with the 
closure of the Rheic Ocean, led to an overall global sea-level regression, which 
subsequently promoted the accumulation of arid Permian red-beds.   
Due to the aridity, and the tectonic quiescence that occurred in the wake of the Variscan 
Orogeny, the landscape began to erode. This led to thick accumulations of continental 
successions that were deposited in the Permian grabens and half grabens (Coward 
1995). Sea level continued to fall throughout the Permian Period as a result of wide-
spread glaciation in the southern hemisphere, which resulted in a long-lived arid 
environment which dominated the land mass that was to become the United Kingdom. 
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Figure 9.1. Thermal relaxation around the Permian Period led to the development of 
extensional basins throughout the United Kingdom and the North Sea. The basin margin 
systems of the Eden Valley Basin and the East Irish Sea basin of northern England house 
deposits of the Brockram Facies alluvial fans (Heeremans et al. 2004). Other significant 
Permian Basins are outlined in the figure.  
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Throughout northwestern England, Permian strata lie unconformable on pleneplained 
Carboniferous and earlier Palaeozoic strata (Akhurst et al. 1997). The arid environment 
that dominated through the Permian Period comprised one of the most significant desert 
environments to date, similar in both size and location to the present day Sahara Desert 
(Akhurst et al. 1997). Alluvial fan accumulations were long-lived throughout the Permian 
Period and dominated the basin margin systems of the East Irish Sea Basin and the Eden 
Valley Basin. This research considers the alluvial fans of the Brockram Facies, which are 
most notably preserved within these Permian basins (Hughes 2003).   
The East Irish Sea Basin (Figure 9.2) is part of the Clyde Belt of tectonic fabrics: a 
northwest-trending series of sub-basins that originated as a response to rifting throughout 
the Permian Period (Anderson et al. 1995). The basins formed due to this rifting were 
reactivated through eastwest extension during the Permian Period, forming a system of 
graben, half-graben and intra-basinal highs (Ruffell et al. 2006). The Collyhurst Formation 
of the Appleby Group is extensive within the East Irish Sea Basin, and is overlain by the 
St Bees Evaporite Formation and the St Bees Shale Formation of the Cumbrian Coast 
Group (Table 9.1). These deposits interacted with the alluvial fan deposits of the 
Brockram Facies at the basin margin (Akhurst et al. 1997). The Brockram Facies of the 
East Irish Sea Basin is not exposed, and has therefore been studied through core.  
The Eden Valley Basin (Figure 9.3) is a northwest trending intermontane half-graben that 
occurs in the hanging-wall of the Pennine-Dent Fault System, and is bound by the Alston 
and Askrigg blocks. The Pennine Fault was affected by strike-slip displacement during the 
Variscan Orogeny, then was re-activated through extension during the Permo-Triassic 
Period, leading to the development of a typical listric ‘trap-door’ basin (Ruffell & Shelton 
2000). The Lake District and Pennine blocks were still emergent at the beginning of the 
Permian Period (Akhurst et al. 1997), and many of the deposits in this basin indicate 
provenance from these blocks.  
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Within the Eden Valley Basin there are sporadic outcrops of the Brockram Facies, in 
addition to extensive occurrences of the deposits of the Appleby and Cumbria Coast 
groups (Table 9.1).  
Table 9.1. Geological formations of the East Irish Sea Basin (offshore and onshore) and the Eden 
Valley Basin (After Holliday et al. 2001 and Akhurst et al. 1997).  
 
9.1.1 Brockram Facies 
The ‘Brockram’ is often used as a generalised term for Permo-Triassic breccias and 
conglomerates throughout northwest England. The term Brockram Facies is used more 
specifically within the East Irish Sea and Eden Valley Basins, where it is applied to the 
lower-most part of the Permo-Triassic strata (Trotter et al. 1937). The Brockram Facies of 
the Appleby Group was predominantly deposited along the basin margins of the East Irish 
Sea Basin and the Eden Valley Basin (Hughes 2003). With distance from the basin 
margin, the Brockram Facies interacted with the Penrith Sandstone Formation, in the 
Eden Valley Basin, and the Collyhurst Sandstone Formation, in the East Irish Sea Basin 
(Macchi 1981). 
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The Brockram Facies is a red to dark-grey, laterally discontinuous series of granule- to 
cobble-grade, angular to sub-angular conglomerates and breccias which are interbedded 
with fine- to medium-grained sandstones (Macchi 1981). The breccias and conglomerates 
range from clast- to matrix-supported throughout the extent of the deposits, and are often 
inversely graded. The clasts are commonly intraformational in the Eden Valley Basin, and 
extraformational in the East Irish Sea Basin (Waugh 1970, Macchi 1981, Dakyns et al. 
1897). The Brockram has a highly variable thickness throughout the Permian basins 
which has been attributed to contemporaneous extensional faulting (Jackson & Johnson 
1996).  
The deposits have been interpreted as a sub-aerial alluvial fan system deposited in an 
semi-arid continental environment and sourced from the faulted margin of the Lake District 
Block (Akhurst et al. 1997). There are indications of periods of predominately more water-
driven environments throughout the deposits, as well as fan surface fluvial processes. The 
Brockram Facies is commonly overlain by the deposits of sheetflood events (Macchi 
1981).  
9.1.2 Penrith Sandstone Formation 
The Penrith Sandstone Formation of the Appleby Group outcrops in the Eden Valley 
Basin (Stone et al. 2010, Brenchley 2006). The formation comprises red-coloured, well-
sorted, medium- to coarse-grained sandstones. The predominant components of the 
deposits are large-scale, cross-stratified units, which are separated by low-angle, 
erosional surfaces with interbeds of thin breccia deposits. Thirteen distinct successions 
are evident throughout the Penrith Sandstone Formation (Wadge 1972, Waugh 1970). 
The deposits have been interpreted as an aeolian barchanoid environment, with 
occasional intermittent flood events, which have been attributed to influxing fluvial 
systems (Allen et al. 2010, Chadwick et al. 1995).  
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9.1.3 Collyhurst Sandstone Formation 
The Collyhurst Sandstone Formation of the Appleby Group occurs in the subsurface of the 
East Irish Sea Basin (Stone et al. 2010). The formation comprises red sandstones formed 
from millet-seed, medium-grained sandstone with interbeds of fine-grained sandstone 
(Broadhurst & Simpson 2000, Tonks et al. 1931). The deposits are well-rounded and well 
sorted, and often cross-bedded. Intermittent grey sandstone beds also occur intermittently 
throughout the deposits. The formation is interpreted as a wide-spread aeolian erg 
environment (Jackson et al. 1995).  
9.1.4 Eden Shales Formation 
The Eden Shales Formation of the Cumbrian Coast Group outcrops in the Eden Valley 
Basin area (Stone et al. 2010, Arthurton 1971). The deposits are red in colour with 
intermittent brown, green, and grey strata, and comprise mudstone, siltstone, and fine- to 
coarse-grained sandstones with occasional occurrences of breccia and conglomerate 
beds (Burgess & Holliday 1979). There are four distinctive evaporite units throughout the 
Eden Shales Formation which cycle between anhydrite and gypsum strata (Arthurton 
1971, Meyer 1965). The formation has been interpreted as a mix of arid continental 
depositional environments; there is evidence of fluvial, alluvial plain, sabkha, lacustrine 
and aeolian settings (Arthurton et al. 1978, Burgess & Holliday 1974).  
9.1.5 St Bees Evaporite Formation 
The St Bees Evaporite Formation of the Cumbrian Coast Group occurs in both the Eden 
Valley Basin and the East Irish Sea Basin (Jackson & Johnson 1996, Barnes et al. 1994). 
The formation comprises a range of lithologies including; limestone, dolomitic limestone, 
anhydrite, gypsum, sandstone, siltstone and mudstone. The lithologies are often red to 
grey (Harrison 1975). The carbonate-rich beds are relatively fossiliferous (Arthurton & 
Hemmingway 1972). The St Bees Evaporite Formation was deposited in shallow marine 
environments, which suggests a mid-Permian marine transgression (Smith & Taylor 1992, 
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Arthurton et al. 1978, Arthurton & Hemmingway 1971, Jackson et al. 1987, Eastwood et 
al. 1931).  
9.1.6 St Bees Shale Formation 
The St Bees Shale Formation of the Cumbrian Coast Group is exposed in the Eden Valley 
Basin area (Stone et al. 2010). The deposits comprise brown to grey siltstone and very 
fine-grained sandstone with regular intercalations of mudstone and fine- to very-fine 
grained sandstone, with occasional interbedded anhydrite. In the proximal portions of the 
formation there are beds of coarse-grained breccias (Arthurton et al. 1978). The deposits 
have been interpreted as having been deposited as part of a marine transgression. The 
lithologies suggest a coastal to shelf-platform succession, with the occasional deposition 
of a shelf-margin breccia. There is also the presence of deposits that pertain to mud-flat 
environments (Arthurton & Hemmingway 1972). The offshore equivalent of the St Bees 
Shale in the East Irish Sea Basin is the Barrowmouth Mudstone Formation (Arthurton & 
Hemmingway 1972).  
9.2 Outcrop description from the Eden Valley Basin 
Exposures of the Brockram Facies occur sporadically throughout the Eden Valley Basin 
(Table 9.2), and represent a Permian alluvial fan, sourced from the Pennine-Dent Fault 
System. The main body of the alluvial fan is exposed towards the southwest of Appleby-
in-Westmorland, around the towns of Burrells and Hoff (Figure 9.4). Most of the exposures 
run along a quarried ridge that extends from Bandley Bridge through to Lookingflatt 
Quarry (Figure 9.4). The majority of the deposits display architectures that pertain to 
relatively medial divisions of the alluvial fan. Repeated debris flow events occurred, and 
are represented by channelised bases. There are intermittent sheetflood deposits, which 
are typified by finer grained sediments, and abundant internal flow architectures.  
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Location 
 
Grid 
Reference 
(NY) 
 
 
Notable Features 
 
Interpretation 
 
Bandley 
Bridge 
 
67157, 18877 
 
Interbeds of coarse, pebble- to 
boulder-grade clasts and granule-
grade deposits. Rounded to sub-
sounded clasts which are mainly 
intraformational. Some finer 
laminations and cross bedding. 
Abundance of channelised bases 
and winnowed horizons. 
 
 
Medial Brockram 
Facies alluvial fan. 
Repeated debris flow 
and sheetflood events. 
   
 
Knock Bank 
 
66208, 17745 
 
Abundance of extraformational 
limestone clasts with occasional 
intraformational sandstone clasts, 
with a reddened sandstone matrix. 
Large boulder-grade clasts, 
interbedded with granule-grade beds 
and medium- to coarse-grained 
sandstone. The debris-rich beds are 
poorly-sorted and matrix supported.  
 
 
Representative of the 
distal fan edge. 
Influxes of debris flows 
with intermittent fan 
surface fluvial 
environments. 
   
 
Barwise Hall 
 
66001, 17893 
 
Interbedded conglomerates and 
sandstones. The clasts are 
predominately intraformational and 
are cobble- to pebble-grade, sub-
rounded and moderately well-sorted. 
The sandstone is reddened, 
medium- to coarse-grained, and well 
sorted. The conglomerates have an 
erosional base which cuts down into 
the underlying sandstones.  
 
 
Towards the outer 
limits of the medial 
alluvial fan. Large 
debris flow events, 
with intermittent fluvial 
deposits.  
 
   
 
Burrells-
Hoff 
 
67690, 18020 
 
Clasts mainly comprise 
extraformational limestone and chert 
with occasional intraformational 
reddened sandstone clasts. The 
outcrop fines upwards from pebble- 
to boulder-grade clasts into finer 
granule-grade conglomerates and 
medium- to coarse-grained 
sandstone. The reworked limestone 
is rich in fossiliferous content.  
 
 
Deposits are 
representative of the 
medial alluvial fan. 
Interbedded fluvial and 
debris-driven 
processes.  
 
 
 
 
 
 
 
 
 
Table 9.2 Description of the individual localities within the Eden Valley Basin. 
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Rowley 
Wood 
 
67938, 17692 
 
Deposits comprise extraformational 
clasts of Carboniferous limestone, 
with occasional intraformational 
sandstone clasts. There is an 
abundance of flow-aligned 
Lithostrotion Junceum within a 
reddened sandstone matrix. Up-
section in the outcrop, the deposits 
grade to sandstone, which displays a 
striped architecture, due to 
secondary heamatite mineralisation.  
 
 
Deposition within 
debris flows and 
ephemeral fluvial 
systems. Slightly more 
distal than the 
Burrells-Hoff locality. 
   
 
Lookingflatt 
Quarry 
 
68259, 17392 
 
Large exposure of the Brockram 
Facies. Interbedded pebble- to 
boulder-grade conglomerate beds 
and finer-grained sandstone 
deposits. The clasts are 
predominantly intraformational, 
sourced from surrounding 
sandstones, with occasional highly 
fossiliferous clasts sourced from the 
Carboniferous Limestone. The base 
of the conglomerate beds is 
channelised, and the deposits 
coarsen-upwards. Cross-bedding is 
evident within the relatively finer-
grained conglomerate.  
 
 
Slightly more distal 
that Burrells-Hoff and 
Rowley Wood, still in 
the medial fan. 
Repeated debris flows, 
incised channels and 
fan surface fluvial 
systems. 
   
 
Belah 
Bridge 
 
79337, 12122 
 
Large outcrop of redbeds. Fine- to 
medium-grained cross bedded 
sandstone which is very well sorted 
and stained red. The internal 
architecture is abundant in bounding 
surfaces. The debris-rich interbeds 
are formed from cobble- to boulder-
grade conglomerates formed from 
intraformational clasts. These debris 
flow influxes have erosional bases.  
 
 
Distal fan toe. 
Interbedded aeolian 
deposits of the Penrith 
Sandstone Formation 
and debris flows of the 
Brockram Facies. 
Shows the 
interfingering with 
contemporaneous 
distal depositional 
environments. 
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Stabilisation of the water influx events led to the development of fluvial systems. The 
coarse-grained deposits indicate that the fluvial environments were relatively immature 
and braided.  
Most of the conglomerate deposits are formed from extraformational clasts, derived 
mainly from the Carboniferous Limestone formations, with occasional occurrences of 
silicified chert. There is also an abundance of intraformational sandstone clasts in some of 
the exposures. The intraformational clasts potentially represent lobes that were active 
during the latter-stages of fan development. The deposits at Bandley Bridge (Figure 9.5c 
& Figure 9.6c) suggest lobe-edge depositional systems, with a higher abundance of 
water-rich flows. The Burrells-Hoff (Figure 9.5b) and Rowley Wood (Figure 9.5e) localities 
represent the main body of the alluvial fan. The Lookingflatt Quarry locality (Figure 9.5d & 
Figure 9.6b) is relatively more distal but represents the main body of the medial extent of 
the alluvial fan. Slightly more distal and water-driven exposures of the fan occur at 
Barwise Hall (Figure 9.5a) and Knock Bank.  
The more distal extent of the alluvial fan toe, and the zone of interaction, can be observed 
at the Belah Bridge locality (Figure 9.5f & Figure 9.6a), which occurs just north of Brough 
Sowerby, between Brough and Kirkby Stephen (Figure 9.7). The deposits at Belah Bridge 
show the interfingering of debris-rich flows from the alluvial fan environment with the 
aeolian deposits of the Penrith Sandstone Formation. These deposits display similar 
internal architectures to the zone of interaction between the Cutler Group alluvial fans and 
the contemporaneous deposits of the distal extent of the Paradox Basin. The debris flow 
deposits exhibit evidence of extensive wind-winnowing and water-winnowing which is 
similar to the styles of interaction observed in the Cutler Group analogue. 
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Figure 9.5. Deposits of the Brockram Facies across the Eden Valley Basin. A) debris flows at 
Barwise Hall, B) limestone beds at Burrells Hoff, C) Water-driven events at Bandley Bridge, D) 
Lithostrotion junceum and Lookingflatt Quarry E) Heamatisation at Rowley Woods, F) Fluvial and 
debris flow interactions and Belah Bridge.  
Facies Ccm 
Facies Ccm 
Facies Bmc 
Facies Ccm 
Facies Sm 
Facies Stpl Facies Lc 
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Facies Ccm 
Figure 9.6. Deposits of the Brockram Facies across the Eden Valley Basin. A) Interacting debris 
flows of the Brockram Facies with aeolian deposits of the Penrith Sandstone Formation. B) Debris 
flow and sheetflood interactions within the alluvial fan system. C) Abundance of channelised 
elements towards the outer limits of the fan.  
Facies Ccm 
Facies Sm 
Facies Ccm 
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9.3 Brockram Facies core 
As the Brockram Facies is relatively poorly exposed in the Eden Valley Basin, data 
gathered from boreholes are used to augment outcrop studies. The Brockram Facies is 
not exposed in the East Irish Sea Basin area, but was extensively cored as part of the 
NIREX project (1997). Cores from the Brockram Facies have been studied to cover the 
area from the proximal extent of the East Irish Sea Basin, near the basin-bounding margin 
fault of the Lake District Block, through to the basin centre.  
9.3.1 Facies from core 
Six different cores have been studied from the East Irish Sea Basin area. The core has 
been logged and studied in order to draw out different facies, which outlines the 
depositional processes controlling the deposition of the Brockram Facies.  
Clast-supported breccia – Bcs 
Description: facies Bcs (Figure 9.8a) is a grey, red or brown, granule- to pebble-grade 
breccia. The facies contains rare patches of matrix within the clasts, but as a whole the 
facies is clast supported. The clasts are angular to sub-angular and very poorly sorted. 
Clast composition varies from extraformational at the base of the cored section, sourced 
from a mix of Borrowdale Volcanic Group clasts and Carboniferous limestones, to 
intraformational siltstone and fine-grained sandstone towards the top of the succession. 
The basal and top bounding surfaces of the facies at core scale are laminar and sharp. 
Facies Bcs occurs mainly within the boreholes proximal to the Lake District Block. The 
facies occurs between 68.5m and 69.5m within BH5.  
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Figure 9.8. Facies identified within the core of the Brockram Facies. A) Facies Bcs, B) Facies Ccs, 
C) Facies Bmf, D) Facies Bmc, E) Facies Ccm, F) Facies Slpl.  
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Interpretation: the lack of matrix within the deposits suggests deposition occurred 
through either mass wasting events, or within a water-rich flow. Due to the angular nature 
of the clasts, the fact that they are poorly sorted, and the overall lack of clast orientation it 
is likely that the deposits have been sourced from mass wasting, and have only been 
transported a short distance. The variable nature of the clasts suggests that the deposits 
were remobilised from accumulated colluvium within a source-proximal sediment gravity 
flow, this is supported by the occurrence of occasional abraded clast edges. The Bcs 
facies is relatable to the Cbc facies (Chapter Three) observed within the Cutler Group 
alluvial fans, and again displays similar architectures to deposits described from the 
Plawenn Valley, Italy (Jarmen et al. 2011).  
Clast-supported conglomerate – Ccs 
Description: facies Ccs (Figure 9.8b) is a grey, red to brown, granule- to pebble-grade 
conglomerate. The modal grain size is around the granule-grade division. The clasts are 
sub-rounded as a majority, but occasional sub-angular clasts occur. The conglomerate is 
relatively well sorted in comparison to facies Cpm. Facies Ccs is clast supported with rare 
patches of medium-grained sandstone matrix. It occurs in the proximal and medial extent 
of the East Irish Sea Basin, and becomes more common towards the top of the 
sedimentary sequence. This facies can be observed between 33.5m and 34.5m within 
BH2.  
Interpretation: the clast supported nature of the deposits again suggests deposition 
through either mass wasting events or highly water-rich flows. The relatively better sorting 
and more rounded nature of the clasts suggests that the environment is more mature than 
facies Bcs. The abraded edges of the sub-rounded clasts suggest that the flow is 
transported as a result of intergranular collision. The extent of the flow suggests that the 
deposits were transported through an avalanche mechanism. Facies Ccs represents the 
distal extent of facies Cbc, as it is observed within the Cutler Group sediments. Similar 
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architectures can be observed within the distal deposits of the large rock-avalnches that 
occur within the basin and range province, western U.S.A. (Yarnold & Lombard 1989).  
Matrix-supported fine-grade breccia – Bmf 
Description: facies Bmf (Figure 9.8c) comprises grey, red, and brown, granule- to small 
pebble-grade clasts supported in a siltstone to fine-grained sandstone, red to brown, 
matrix. The clasts are extraformational towards the base of the cored sections and have 
been mainly sourced from the Borrowdale Volcanic Group with rare clasts of 
Carboniferous limestone. Towards the top of the succession the clasts are predominately 
intraformational, and sourced from surrounding sandstone and siltstone lithologies. The 
clasts are very poorly sorted and are sub-angular in nature. In areas of a relatively finer 
grain-size the deposits exhibit parallel laminations and some long-axis clast imbrication 
can be observed. The facies displays a laminar contact with the surrounding facies at core 
scale. Facies Bmf occurs throughout all of the cored localities, for example between 
10.5m and 11m within BH3.  
Interpretation: the laminated nature of the deposits, as well as the long-axis imbrication 
of the entrained clasts, suggests that the flow contained a degree of water during 
deposition. Both the matrix support and the imbrication can be interpreted as deposition 
within a non-Newtonian flow. The extent of the deposits throughout the cored sections of 
the East Irish Sea Basin can be explained by debris-flow depositional mechanisms. Simlar 
fine-grained breccia facies have been described in the distal debris flows located at 
Cordillera, Chilie (De Haas et al. 2014).  
Matrix-supported coarse-grade breccia - Bmc 
Description: facies Bmc (Figure 9.8d) is formed of red, brown or grey, granule- to large 
pebble-grade clasts supported within a red very-fine grained- to fine-grained sandstone 
matrix. The clasts are predominately sub-angular in nature, but are occasionally sub-
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rounded. The clast content is extraformational towards the base of the cored sections, and 
formed mainly from Borrowdale Volcanic Group lithologies, with very occasional 
Carboniferous Limestone clasts. Towards the top of the core, the clasts become more 
intraformational, suggesting a reworking from surrounding siltstone and sandstone rich 
lithologies. In the relatively more matrix-rich sections of the facies, very crude parallel 
laminations occur alongside rare long-axis clast imbrication. The facies occurs throughout 
the entirety of the core locations in the East Irish Sea Basin, for example, between 36m 
and 37m within BH5.  
Interpretation: the internal flow structures indicate that there was a degree of entrained 
water within the debris-rich flow during deposition. The long-axis orientation of the clasts 
within the deposits, as well as the strong matrix support, suggests that deposition 
occurred within a non-Newtonian debris flow, in a similar fashion to Facies Bmf. These 
deposits are similar to the proximal facies of the Motozintla alluvial fans of Chiapas, 
Mexico (Shanchez-Nunez 2015).  
Matrix supported coarse-grained conglomerate facies – Ccm 
Description: facies Ccm (Figure 9.8e) is a red, brown or grey, pebble- to cobble-grade 
conglomerate supported in an abundant red, fine- to medium-grained sandstone matrix. 
The clasts are sub-angular to rounded in nature, but the modal clast composition is 
rounded. The basal clasts are extraformational and sourced predominately from the 
Borrowdale Volcanic Group and occasionally from Carboniferous Limestone strata. 
Towards the top of the cored sequence the clasts become relatively more intraformational, 
sourced from local sandstone and siltstone lithologies. There is a lack of internal structure 
and architecture throughout the facies. Facies Ccm occurs within all of the core locations, 
but the overall average grain size decreases with distance into the basin centre. The 
facies can be observed between 54.5m and 55m within BH10.  
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Interpretation: the matrix supported nature of the deposits suggests deposition through a 
non-Newtonian debris-rich depositional process. The lack of any internal sorting and 
internal architectures suggests that the flow was hyperconcentrated and that deposition 
was fairly rapid in comparison to Bmf and Bmc. Facies similar to Ccm have been 
interpreted within the Feshark Fan of the Kohrud mountain belt, Central Iran (Jones et al. 
2014).  
Parallel-laminated siltstone facies – Slpl 
Description: facies Slpl (Figure 9.8f) is a red to brown siltstone. The deposits are parallel 
laminated, with very occasional convoluted textures. There is also evidence of desiccation 
cracks towards the top of the deposits. The facies is most common towards the top of the 
cored section, but also occurs infrequently in the basal section of the core. It occurs more 
frequently when facies Ccm and Bmc are not present. Facies Slpl is more common 
towards the more distal extent of the Brockram Facies fan system, such as between 9.5m 
and 11m within BH7A/7B.   
Interpretation: the parallel-laminated nature of facies Slpl suggests deposition within a 
low-energy flow. The convoluted nature of the deposits can be attributed to loading and 
dewatering events, which suggests that secondary flows were deposited over the 
underlying siltstone while it was still water saturated. The presence of desiccation cracks 
indicates that the depositional environment completely dried up at certain points in time. 
Similar facies are seen within the deposits of the Zagros foreland baisn (Pirouz et al. 
2011).  
Parallel laminated sandstone facies – Stpl 
Description: facies Stpl (Figure 9.9a) comprises a red, and occasionally brown, fine- to 
medium-grained, parallel-laminated sandstone. The deposits are very well sorted and the 
clasts are rounded to sub-rounded in nature. The sandstone often displays a strong 
Chapter Nine: Application to the Brockram Facies 
 
340 
 
degree of secondary cement. Facies Stpl occurs infrequently, but is present throughout 
each of the cored locations, for example, between 89m and 90m within the log of BH10. 
Interpretation: the parallel-laminated nature of the sandstone suggests deposition within 
the upper-flow regime, within a continuous fast-paced flow. The good degree of sorting 
and the relatively well rounded nature of the clasts suggest that the flows were mature. 
The secondary cementation of the deposits suggests a lack of fines which can allude to a 
high sediment concentration within the flow. Similar sediments are seen in shallow core 
from the Qasim region, central Saudi Arabia (Melvin 2015). 
Cross-laminated sandstone facies – Scl 
Description: facies Scl (Figure 9.9b) is a red, and occasionally brown, fine- to medium-
grained sandstone. The main internal architecture is low-angle cross laminations. The 
facies occurs mainly within the core localities towards the distal extent of the East Irish 
Sea Basin. Facies Scl is best observed between 100m and 101.5m within BH10.  
Interpretation: the facies has been interpreted as having been deposited within the lower 
flow regime. The cross laminations can be attributed to the subaqueous migration of 
dune-scale bedforms. Similar facies have been described within the sediments of the 
Upper Triassic Chinle Formation, of the Petrified Forest National Park, Arizona (Trendell 
et al. 2013). 
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Figure 9.9. Facies identified within the core of the Brockram Facies. A) Facies Stpl, B) Facies Scl, 
C) Facies Sm, D) Facies Lc, E) Facies Mc, F) Facies Se.  
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Massive sandstone facies – Sm 
Description: facies Sm (Figure 9.9c) comprises red, brown and grey, fine- to medium-
grained sandstone lacking in any internal structure or architecture. The sandstone is well 
sorted and the grains are rounded to subrounded in nature. Facies Sm mainly occurs in 
the distal cores of the East Irish Sea Basin.  
Interpretation: the massive nature of the sandstone indicates deposition within a 
hyperconcentrated water flow. The mature nature of the deposits suggests that they have 
been transported for a relatively long distance within the water-rich flow prior to 
deposition. Massive sandstone facies have also been described within the 
Palaeoproterozoic Par Formation of the Gwalior Group of Central India (Chakraborty & 
Paul 2014).  
Clastic-rich limestone facies – Lc 
Description: facies Lc (Figure 9.9d) is light to dark grey, and is formed from a clastic rich 
limestone. The limestone is unfossiliferous, but is abundant in allochems derived from a 
reworked sedimentary sandstone source. The deposits are occasionally nodular. In 
thicker occurrences of the facies, wavy laminations often occur, these potentially indicate 
reworked biomats. The facies occurs in relatively thin bands. Facies Lc is rare within the 
Brockram Facies, and completely absent in the deposits proximal to the margin of the 
Lake District Block, but occurs sporadically in the cored deposits from the distal extent of 
the basin. The facies can be observed around 94.75m and 95.25m within BH10.  
Interpretation: the limestone component of the facies indicates deposition within a 
shallow-water environment. The inclusions of allochems suggest that the depositional 
environment was proximal to a clastic source. The development of biomats can be 
attributed to episodic periods of a low energy environment during deposition. Similar 
clastic-rich limestones are observed within the Palaeogene deposits of the Arabian Shield 
(Garzanti et al. 2013).   
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Calcareous mudstone facies – Mc 
Description: facies Mc (Figure 9.9e) is formed from dark brown and dark grey calcareous 
mud. The deposits are relatively well sorted, but thin sand-rich laminae and lenses are 
common throughout the facies. The internal structure is parallel laminated with occasional 
small-scale, wave-rippled strata. There are some indications of desiccation cracks 
towards the upper-most limit of the facies. Occurrences of facies Mc are rare throughout 
the basin sediments, and it is completely absent within the proximal-most deposits. The 
facies occurs sporadically within the distal extent of the East Irish Sea Basin cores, for 
example between 82.5m and 83.5m within the log of BH10.  
Interpretation: the parallel-laminated nature suggests gravitational settling through a 
standing water body, or deposition within a low energy flow. The small-scale wave-rippled 
strata indicate wind-driven agitation of standing water, suggesting that the facies were 
deposited as a result of gravitational settling. The presence of desiccation cracks indicates 
that the standing water periodically dried-up completely. Facies similar to Mc are common 
within marine conditions, for example, the deposits of the Qiangtant Terrane, Central 
Tibetan Plateau (Xu et al. 2013).  
Enterolithic siltstone facies – Se 
Description: facies Se (Figure 9.9f) is formed from dark brown or dark red siltstone 
mottled with light grey, bleached, zones. The mottled areas are relatively more sand-rich 
in nature than the surrounding darker-coloured siltstone deposits. The mottled altered 
zones are enterolithic in nature. Facies Se occurs sporadically within each of the cored 
sections but it is more abundant within the medial and distal extent of the Brockram 
Facies alluvial fan system. Facies Se occurs between 3m and 3.5 with the log of 
BH7A/7B.  
Interpretation: the mottled sections of the facies can be attributed to palaeosol 
development. The altered zones could potentially be related to rhizolith-rich horizons. The 
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enterolithic nature is highly indicative of the development of calcrete. Similar to the 
calcrete facies observed within the Cutler Group (facies Pcf – Chapter Three), and the 
Pleistocene calcretes of the Wadi Sabra, Jordan (Bertrams et al. 2012).  
9.3.2 Facies associations from core 
Facies associations can be identified throughout the extent of the core. These 
associations link the processes interpreted from the facies, and have been used to imply 
preliminary depositional environments. These environments will be combined with known 
architectural elements developed from the Cutler Group in Utah to build a schematic 
depositional model.  
Point-sourced sediment gravity flow association – SGF 
Description: association SGF is formed from facies Ccs and Bcs. The association is 
limited to the core localities proximal to the margin of the Lake District Block. Facies Ccs 
makes up approximately sixty percent of the overall association, and is always overlain by 
facies Bcs, which makes up approximately forty percent of association SGF. The coarse 
grained facies association can be observed between 43m and 45m within the log derived 
from BH3.  
Interpretation: the mass destabilisation of unconsolidated colluvium that accumulates on 
the mountain front can lead to the propagation of sediment gravity flows. The lack of 
matrix within the deposits suggests that the flows were depleted in entrained water. The 
underlying facies (Ccs) is relatively more rounded that the top extent of the association 
(facies Bcs). The initial deposits of sediment gravity flows were sourced from colluvium 
that could have been rounded while exposed on the mountainous front. This occurs 
through either minor reworking from wind-blown processes, or through relatively low 
energy water-driven processes. The association is limited to the proximal part of the East 
Irish Sea Basin which suggests that it was deposited through avalanche processes, which 
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form part of the proximal most extent of the alluvial fan, but rarely extend beyond the fan 
piedmont zone.  
Point-sourced debris flow association – DF 
Description: association DF is formed from basal occurrences of facies Bmf which 
gradationally overlies facies Bmc. The association occurs throughout the majority of the 
core localities within the East Irish Sea Basin, but the association is thicker within the 
proximal extent of the basin, and thins towards the distal extent. Facies Bmc makes up 
around sixty percent of the association and facies Bmf comprises approximately forty 
percent. This fining upwards succession is observable between 7.75m and 9m within the 
log of BH10.  
Interpretation: the matrix support and limited flow structures indicate deposition within 
non-Newtonian water flows. The matrix support suggests debris flow deposition. Debris 
flows initiate when colluvium is destabilised through the entrainment of water or gas in the 
sediments. Debris flows propagate through the alluvial fan system, but thin with distance 
from the proximal extent of the basin. The base of the point-sourced debris flow 
association is relatively coarse, and this gradationally fines into the overlying facies. The 
nature of the grading attests to the transport distance of the flow.  
Lobate debris flow association – DFL 
Description: the lobate debris flow association (DFL) comprises basal occurrences of 
facies Ccm overlain by facies Stpl. The facies occurs throughout the entirety of the cores 
across the East Irish Sea Basin, but is thicker with proximity to the margin of the Lake 
District Block. Facies Ccm makes up approximately eighty percent of the association, 
whereas facies Stpl makes up approximately twenty percent of the association. The 
association has been interpreted between 107m and 108.5m within BH10.  
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Interpretation: the underlying coarse-grained matrix supported conglomerate (Facies 
Ccm) has a relatively high proportion of matrix (approximately sixty percent) which 
suggests that additional water and sediment were entrained in the flow either prior to, or 
during, transportation in comparison to association DF. The lack of internal structure in 
facies Ccm suggests rapid deposition from a highly sediment-laden flow. After rapid 
deposition, some of the finer grained sediments are further transported within the water-
rich flow, resulting in the deposition of facies Stpl. The overall grain size of the association 
decreases towards the more distal of the core localities, suggesting a maturation of the 
depositional environment.  
Unrestricted water flow association – FFU 
Description: the unrestricted water flow association (FFU) is formed from facies Sm, Stpl 
and Slpl. The base of the association is formed from approximately fifty percent of facies 
Sm, which is then overlain by approximately forty percent of facies Stpl and finally 
approximately ten percent of facies Slpl. Association FFU occurs throughout the entirety 
of the cored sections within the East Irish Sea Basin, but thins from the proximal to distal 
part of the basin. Association FFU can be observed between 9.5m and 14m within the log 
of BH2.  
Interpretation: the association represents deposition within a multi-directional unconfined 
water flow. The slightly coarser component of the flow is rapidly deposited throughout the 
basin system. The base of the flow has a high degree of sediment concentration, and the 
deposits of the hyperconcentrated flow are recognised in facies Sm. The deposits then 
fine upwards, but still resemble deposition within the upper-flow regime. The deposits are 
sediment-rich, but the slight reduction in energy allows internal structures to form (facies 
Stpl). As the flow wanes, deposition of parallel-laminated siltstone occurs (facies Slpl).  
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Confined water flow association – FFC 
Description: the confined water flow association (FFC) is composed of facies Stpl, facies 
Scb and facies Slpl. Facies Sptl forms approximately forty percent of the association and 
occurs towards the base of the deposits. This facies grades into facies Scl, which again 
comprises around forty percent of the association, facies Scl commonly has an erosive 
base at the scale of borehole core. The top of the association is marked by facies Slpl 
(approximately twenty percent). The facies mainly occurs within core of the distal extent of 
the basin. The confined water flow association is preserved between 96.5m and 99.5m 
within BH10.  
Interpretation: the confined water flow association represents deposition within a waning 
water flow. The parallel-bedded base (Stpl) represents a high-energy, sediment-rich water 
flow. As the flow decreases in energy, subaqueous bedforms began to form, and the 
migration of these subaqueous dunes led to the preservation of cross bedded sandstone 
(Scl). As the waning flow reached a state of relatively low energy, facies Slpl was 
deposited. The presence of desiccation cracks towards the top of the association 
suggests that the environment episodically dried entirely, which indicates that the confined 
water flows were flashy and ephemeral.  
Confined standing water association – SW 
Description: the confined standing water association (SW) is formed from facies Lc, 
which is overlain by facies Mc. The basal facies (Lc) comprises around eighty percent of 
the association, whereas facies Mc forms approximately twenty percent of the 
association. The deposits are always thin in the cored sections, and never exceed 10cm. 
The association is limited to the cores that occur in the distal part of the East Irish Sea 
Basin. The association occurs between 58m and 59m within BH10.  
Interpretation: the basal clastic rich limestone (Lc) suggests that organisms, most 
probably microbial, were present in the lacustrine environment, which led to the deposition 
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of the limestone strata. The presence of biomats supports this interpretation. The deposits 
grade into calcareous mudstone (Mc), which suggests that the energy of the environment 
decreased enough to allow for gravitational settling. Desiccation cracks occur towards the 
top of the association (SW) which indicates that these environments dried rapidly.  
Surface stabilisation association - SFS 
Description: the surface stabilisation association (SFS) comprises basal occurrences of 
facies Slpl (approximately eighty percent) which grades into facies Sc (approximately 
twenty percent). The facies association occurs throughout the cored sections, but is more 
frequent within the distal sections of the East Irish Sea Basin.   
Interpretation: the basal deposits (facies Slpl) occur within environments with a very low 
energy. The desiccation structures towards the top of the facies indicate a lack of moisture 
recharge in the environment. The overlying fine-grained mottled siltstone (Sc) is 
interpreted as a palaeosol horizon, which eventually develops into calcrete.  
9.3.3 Depositional model developed from core 
Using the architectural element models developed from the Cutler Group analogue, a 
schematic depositional model for the Brockram Facies can be developed (Figure 9.10). 
The schematic model considers how the dominance of the facies associations evolved 
spatially throughout the core localities and temporally up-succession within the core. The 
alterations in depositional processes can be interpreted from these facies changes. The 
depositional system of the Brockram Facies is sourced from the Lake District Block in the 
east, and then transports sediment westwards throughout the East Irish Sea Basin.  
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Proximal Brockram Facies 
The cores that are located proximal to the basin margin fault of the Lake District Block 
are BH2 and BH5 (Figure 9.10). There is an abundance of association SGF, which 
represents avalanche deposition, which usually occurs within the most proximal area of 
an alluvial fan system, as part of the talus cone element. Rockslide and rockfall 
depositional systems are also common within the talus cone, but not present within the 
core. This suggests that the cored area begins in the proximal-most piedmont zone. 
Proximal matrix-supported debris flow deposits also occur in the proximal cored 
sections derived from associations DF and DFL. The thickness of these deposits 
decreases up section.  
Occasional sheetflood deposits (FFU) also occur with the proximal Brockram Facies 
core, with intermittent influxes of association SFS.  This suggests that the water influx 
into the basin increased throughout the deposition of the Brockram Facies, leading to a 
reduction in mass-wasting events and more water-rich flows. There is evidence of 
surface stabilisation towards the top of the cored sections, as represented by an 
increase in the proportion of fine-grained sedimentation in the basin which eventually 
became vegetated and developed into palaeosols.  
Medial Brockram Facies 
Within the medial extent of the East Irish Sea Basin (BH7A / B and BH10A) the 
deposits evolved into more debris-flow dominant environments (Figure 9.10). The 
point-sourced debris flow association (DF) is less common within these medial cores, 
and is often replaced with an increased proportion of the lobate debris flow association 
(DFL). More water-rich systems also occurred with a greater frequency in the medial 
extent of the basin in comparison to BH2 and BH5. Water-rich sheetflood deposits 
(association FFU) become generally thicker up-succession, and these occur with very 
sporadic occurrences of confined ephemeral fluvial systems (association FFC). 
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A rare parallel-bedded calcareous mudstone is present in core, which can be 
potentially attributed to a small-scale lacustrine-pond environment (association SW). 
Intermittently throughout the deposits, fine-grained mottled sedimentation occurs within 
thin bands (approximately 1cm to 5cm), these have been interpreted as association 
SFS. The environments evolved through time to become relatively finer, which can 
suggest an increasing water influx into the basin during the later stages of deposition.  
Distal Brockram Facies 
The cores located furthest away from the faulted margin of the Lake District Block 
represent the most distal aspect of the Brockram Facies (Figure 9.10). The Brockram 
Facies is a lot thicker in these distal cores (BH 3). Debris-rich deposits are still 
prevalent within the cored successions, and these have been interpreted as the lobate 
debris flow association (DFL). The point-sourced debris flow association (DF) is 
intermittently present throughout the cores. In comparison to the more proximal 
aspects of the Brockram Facies there was a relative increase in water-rich depositional 
systems. Debris-rich, yet water-driven, sheetflood deposits (association FFU) are 
relatively common, these fine upwards within a single depositional event.  
The confined water-flow association (FFC), which represents ephemeral fluvial 
systems, occurs more frequently in these cores, but is still relatively sporadic. Thin 
accumulations of clastic-rich limestone and parallel laminated calcareous mudstone 
(associations Lc and Mc) are interpreted as having been deposited in small-scale 
lacustrine-pond environments. There are also accumulations of root-mottled fine-
grained sediments (association SFS) which indicates that periods of depositional 
quiescence and surface stabilisation occurred during deposition. Again, the overall 
process interpreted from the core appears more water driven up-succession, which can 
suggest an overall increase in humidity throughout the deposition of the Brockram 
Facies.  
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9.3.4 Application of the Cutler Group analogue 
The block model developed for the sedimentology observed in core is highly 
schematic. It provides an overview of how the deposits potentially change temporally 
and spatially throughout the East Irish Sea Basin. But, due to the discontinuity of the 
borehole locations, and the nature of using core to interpret sedimentary packages, the 
fence diagram developed for the Cutler Group deposits (Chapter Four) is used to better 
understand the sedimentation away from the point of core (Figure 9.11). The proximal-
most deposits of the alluvial fan system are not cored in the East Irish Sea Basin, but 
the fence diagram displays that these coarser-grade deposits would have been 
deposited along the basin margin, and can be expected to fringe the Lake District 
Block. Due to the extensional nature of the East Irish Sea Basin during deposition, the 
talus cone could have propagated a fair distance beyond the basin margin setting. It is, 
however, not present in the proximal core of BH2 and BH5. Within BH2 and BH5 there 
is an abundance of avalanche deposition which suggests that the boreholes represent 
the proximal-most division of the alluvial fan environment, just beyond the talus cone. 
These occur intermittently with deposits that pertain to sheetfloods and debris flows. 
Due to the thickness of the deposits of each environment, it can be assumed that the 
cores in this location constitute the main body of the compound fan system, instead of 
towards the thinner edges of the fan, where you would expect a heightened degree of 
interaction from secondary environments. The presence of the avalanche events 
suggests that the fan is highly connected to the talus cone at the location of BH2 and 
BH5.   
The medial section of the alluvial fan is represented by borehole 10A and borehole 
7A/7B (BH10A and BH7A/B). BH10A is dominated by repeated debris flows, 
sheetfloods, and occasional confined ephemeral fluvial systems.  
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These depositional systems suggest that BH10A represents the main central body of the 
medial extent of the alluvial fan environment. In the main body of the medial fan the debris 
flows are connected to the proximal extent of the alluvial fan, especially along the 
winnowed top horizon. In BH7A/B there are occurrences of sheetfloods, debris flows and 
fluvial systems, but they occur less frequently than within BH10A. There is an increased 
magnitude of deposits that relate to lacustrine systems and enterolithic siltstones, or 
palaeosols. Due to this, it can be assumed that BH7A/B occurs towards the outer edge of 
the fan system as indicated by the increased interactions with secondary depositional 
environments. The overall thickness of the deposits is relatively thinner towards the fan 
edge. As the coarser-grade deposits occur intermittently with finer-grained flood deposits 
and palaeosols the deposits of BH7A/B are less connected to the rest of the fan system 
than those of BH10A.  
The distal extent of the alluvial fan environment is represented within borehole 3 (BH3). 
The environments interpreted within BH3 are those of debris flows, sheetfloods, 
ephemeral fluvial systems, lacustrine bodies, wind-blown deposits and palaeosols. This 
represents the evolution of the proximal debris-driven depositional systems into the water 
driven systems of the distal extent of the alluvial fan. The increased amount of deposits 
from secondary environments supports the interpretation that BH3 occurs towards the fan 
toe. The presence of debris flows, sheetfloods, and fluvial systems suggest that the 
borehole represents the main body of the distal alluvial fan system. As the debris flows 
and fluvial systems are sourced from the proximal Lake District Block, the deposits in BH3 
are likely to be connected to the rest of the fan system. The connectivity of the deposits is 
important when considering subsequent water flow through the basin system.  
9.4 Zone of interaction in core 
The deposits of the zone of interaction in the Cutler Group, Utah, mark the transition 
between the proximal and distal extent of the Paradox Basin, and are fully outlined in 
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Chapter Five. Similar architectures can be recognised within the core of the Brockram 
Facies. The three-dimensional interpretation from the Cutler Group deposits can aid in the 
interpretation of the depositional environments in the Brockram Facies system of the East 
Irish Sea Basin. On a larger scale, it can also predict the sedimentary response of the 
interactions between the alluvial fan system as a whole, and the contemporaneous 
depositional systems of the distal extent of the East Irish Sea Basin. As the facies 
associations are small-scale, they are smaller than the resolution of the logged sections, 
and are therefore best highlighted in photographs of the depositional features (Figure 
9.12).  
9.4.1 Wind-winnowed debris flow association  
Wind-winnowed debris flow structures can be identified within the Brockram Facies 
(Figure 9.12a). The debris flow would have formed the initial stage of deposition, and 
subsequent the wind-driven processes would have been prevalent on the exposed 
surface of the debris flow deposits.  
The wind-blown processes would have led to the removal of the finer-grained matrix of the 
deposits, leading to the superimposition of clast supported architectures. This wind-driven 
winnowing would have been heightened along the toe and the exposed top horizon of the 
debris flows. Deposits of wind-driven winnowing have been observed in the deposits of 
the Cutler Group, it relates to the wind-driven debris flow associations – WiD (Section 
5.3.1) and the debris flow to aeolian interaction facies model (Section 5.4.1 and Figure 
5.11).  
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Figure 9.12. Pictures of the zone of interaction in core; A) wind-winnowed debris flows, B) water-
winnowed debris flows, c) millet-seed flow aligned sandstone, D) coarse-grained influx into 
parallel laminated sandstone 
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9.4.2 Water-winnowed debris flow association 
Winnowing by water-rich systems can also be identified throughout the Brockram Facies 
core (Figure 9.12b). Water-rich systems interacted with the debris-rich deposits to remove 
the majority of the fine-grained matrix between the clasts. Due to the infiltration of the 
water, the silt- and mud-grade deposits remain as a matrix residue. The water component 
increases the hydrostatic pore pressure of the finest sediments, which made them difficult 
to remobilise and remove. Water-driven winnowing is present throughout the deposits of 
the Cutler Group, as described in the water-winnowed debris flow association – WaD 
(Section 5.3.1) and within the debris flow to fluvial interaction facies model (Section 5.4.1 
and Figure 5.12).  
9.4.3 Millet-seed flow-aligned sandstone association  
Millet-seed flow-aligned sandstone associations are identified throughout the extent of the 
Brockram Facies core (Figure 9.12c). The millet seed texture and the flow aligned 
architectures suggest that the sediments have been reworked from an aeolian source. 
This either suggests that small-scale aeolian environments developed in the fan 
environment prior to secondary flooding, or that the flow interrupts the development of 
distal aeolian environments. As there is a lack of aeolian deposits within the core, it is 
likely that fan-related wind-blown environments are reworked. Similar structures have 
been described in the Cutler Group sediments of the Paradox Basin. These relate to the 
flooded aeolian association (Section 5.3.2) and the water flow to aeolian interaction facies 
model (Section 5.4.1 and Figure 5.14).  
9.4.4 Coarse-grade influx into parallel laminated sandstone association  
There is evidence of the influx of coarse-grained sediment into the otherwise medium-
grained parallel laminated sandstone (Figure 9.12d). The parallel laminated sandstone 
has a strong calcareous cement, which suggests that it was deposited as a component of 
the small-scale lacustrine-pond bodies that occurred in the distal extent of the Brockram 
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Facies. The coarse-grained component suggests an influx of coarser water flows into the 
lacustrine environments. This coarse-grained influx into the parallel laminated sandstone 
mainly occurs in the distal extent of the Brockram Facies of the East Irish Sea Basin. 
Similar structures can be identified within the deposits of the zone of interaction of the 
Cutler Group in the Paradox Basin; these are outlined as the flooded aeolian association 
(Section 5.3.2) and the water-flow to lacustrine facies model (Section 5.4.1 and Figure 
5.15).  
9.4.5 Prediction for distal interactions in the subsurface 
In the distal extent of the basin, the alluvial fan deposits of the Brockram Facies interact 
with the Collyhurst Sandstone Formation, which was mainly deposited within aeolian 
environments, with intermittent fluvial systems. More of the fluvial environments of the 
Collyhurst Sandstone Formation occurred in the more proximal extents of the East Irish 
Sea Basin, whereas the deposits get progressively more aeolian towards the distal extent 
of the basin. The Collyhurst Sandstone Formation is a proven aquifer in the East Irish Sea 
Basin, and therefore an interaction with the Brockram Facies can have a prolific effect on 
the water flow throughout the basin deposits. 
When the debris-rich alluvial fan deposits of the Brockram Facies interacted with the distal 
aeolian environment of the Collyhurst Sandstone Formation it led to extensive wind-
winnowing throughout the deposits. The effect of this wind-driven winnowing is outlined in 
Chapter Five, Section 5.4.1. The wind-driven aeolian settings winnowed the debris flow 
deposits, which led to the removal of a large proportion of the matrix. This removal of the 
matrix led to a superimposed clast-supported architecture, which in turn caused an 
increased in the permeability of the debris-rich deposits. This can facilitate the 
development of water flow pathways between the distal and proximal parts of the basin, 
creating outwards migration pathways from the permeable lithologies of the Collyhurst 
Sandstone Formation.  
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When the Collyhurst Sandstone Formation was dominated by fluvially-driven 
environments it leads to the water-driven winnowing of the debris-driven deposits of the 
Brockram Facies. The architectures formed from water-driven winnowing can be observed 
in the exposure of the Cutler Group, Utah, as outlined in Chapter Five, Section 5.4.1. The 
water-driven winnowing led to the partial removal of the matrix between the debris-rich 
deposits. The distal fluvial systems infiltrated into the debris flows, and remobilised the 
majority of the matrix. As the water increased the hydrostatic pressure of the mud- to silt-
grade component of the matrix, it was relatively more difficult to remove, and therefore 
remains as a residue. This leads to a partial increase in the permeability of the deposits, 
and consequently, this creates flow pathways between the permeable lithologies of the 
Collyhurst Sandstone Formation and the alluvial fan deposits of the Brockram Facies.  
When the Brockram Facies alluvial fan deposits are dominated by water-rich flows, it can 
lead to intermittent flooding events throughout the distal aeolian environments of the 
Collyhurst Sandstone Formation. The effect of aeolian flooding on sedimentation is 
outlined in Chapter Five, Section 5.4.2. The flood events led to the introduction of fine-
grained sedimentation in-amongst the aeolian deposits. This interruption of the decent 
reservoir lithologies of the Collyhurst Sandstone Formation reduces the permeable nature 
of the deposits. This introduction of baffles throughout the system can have a marked 
effect on basin-wide water flow.  
Closer to the faulted margin of the Lake District Block, the Brockram Facies interacted 
with the St Bees Shale Formation (Figure 9.13). The base of the formation was deposited 
within sabkhas and very small-scale ephemeral lacustrine environments. Occasional 
breccia and conglomerate beds interrupt the depositional sequence which could possibly 
mark the formation of small-scale coarse-grained subaqueous fans, as outlined in Chapter 
Five, Section 5.4.1. As these stack over time, the proximal fan deposits can interlink the 
otherwise impermeable base of the St Bees Shale Formation. Upwards in the formation, 
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the depositional system has been interpreted as repeated mud-rich sheetflood events 
(Stone et al. 2010). The deposits are relatively impermeable as a whole, but as the alluvial 
fan system was long-lived throughout the development of the proximal extent of the basin, 
the deposits form flow-pathways in the proximal extent of the basin, right through to 
potentially related interactions with the St Bees Sandstone Formation. The St Bees 
Sandstone Formation is interpreted as an ephemeral fluvial system with isolated aeolian 
dune-forms (Akhurst et al. 1997), which are relatively permeable. If the Brockram Facies 
forms a flow pathway through the proximal extent of the basin, it can have a prominent 
effect on basin-scale water flow. 
9.5 Climatic alterations in core 
To understand the evolution of the depositional environments of the Brockram Facies, the 
climate evolution throughout the Permo-Triassic has been analysed, using core data. 
Individual response of the different depositional environments can be identified using 
models developed from the Cutler Group deposits, Utah (Chapter Six). The fan-scale 
response to climate change can be further interpreted to analyse how the climate evolved 
temporally, and the effect this has upon depositional mechanisms. 
This temporal evolution can also have a marked effect on the architectures formed within 
the zone of interaction between the Brockram Facies alluvial fans and the depositional 
systems in the distal extent of the basin. The zone of interaction can affect basin-scale 
water flow.  
9.5.1 Facies association response to climate 
The response of the architectural elements to climatic changes has been observed within 
the deposits of the Cutler Group, Utah. This response can be used to identify fan-scale 
cyclicity within the Brockram Facies core (Figure 9.14). 
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Despite the data from core being one-dimensional, the three dimensional interpretations 
gained from the well-exposed deposits of the Paradox Basin (Chapter Six) can be used to 
understand the evolution of sedimentary environments during the deposition of the 
Brockram Facies. 
Point-sourced sediment gravity flow – SGF 
The point-sourced sediment gravity flow association (SGF) was deposited during the 
predominately arid section of the absolute climatic curve (Figure 9.14a). As the climate 
became more humid, the sediment gravity flow entrained a higher proportion of water, 
which resulted in the initiation of point sourced debris flow associations (DF). Debris flows 
were initiated when loose colluvium was destabilised, usually through an increase in 
moisture content. As the climate became more arid, the sediment gravity flow association 
(SGF) was still deposited, but intermittent periods of depositional quiescence became 
increasingly common.    
Point-sourced debris flow – DF 
The point-sourced debris flow association (DF) is deposited during the predominately 
humid part of the absolute climatic curve (Figure 9.14b). As the climate became relatively 
more humid, the flows propagated further throughout the East Irish Sea Basin system, 
and develop into the lobate debris flow association (DFL).  
The increase in rounding and flow architectures throughout DFL suggests an increase in 
the amount of entrained water. As the climate became more arid, the degree of entrained 
water within the deposits decreased, and the depositional mechanisms graded into point-
sourced sediment gravity flow events (SGF).  
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Lobate debris flow – DFL 
The lobate debris flow association (DFL) was deposited as the absolute climatic cycle 
graded towards the point of maximum humidity (Figure 9.14c). As the climate reached the 
point of maximum humidity, unrestricted water flows dominated the basin setting (FFU), in 
the form of mud-rich sheetflood events. As the climate dried, the degree of moisture 
entrained within the deposits decreased, which led to the deposition of the point-sourced 
debris flow association (DF). As the point-sourced debris flow entrained less water, the 
depositional system extended a shorter way through the basin than association DFL.  
Unrestricted water flow – FFU 
The unrestricted water-flow association (FFU) represents the point of maximum humidity 
within the absolute climatic cycle (Figure 9.14d). The unrestricted water flow deposits are 
relatively mud-rich, and extend a long way throughout the cored localities of the East Irish 
Sea Basin. As the climate became more humid, the unrestricted water flow deposits (FFU) 
built in preserved thickness, suggesting an increase in magnitude and frequency of the 
depositional events. As the climate became relatively more arid, less water-rich 
depositional environments occurred throughout the basin, and the unrestricted water flow 
association graded into the lobate debris flow association (DFL).  
Confined water flow – FFC 
The confined water flow association (FFC) was deposited at both the wetting upwards and 
drying upwards stage of the absolute climatic cycle (Figure 9.14e). As the climate became 
wetter, the confined water flows evolved into flood events, predominately through 
unrestricted water flows, leading to the deposition of association FFU. As the climate 
became more arid, the confined water flow environments dried upwards, which led to 
periods of surface stabilisation (SFS). These eventually developed into palaeosols.  
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Confined standing water – SW 
The confined standing water association (SW) was deposited at, or near, the point of 
maximum humidity within the absolute climatic cycle (Figure 9.14f). Carbonate-rich 
deposits occurred within the standing water association, which suggests a relatively arid 
climate at the time of deposition. As the climate graded to increasing humidity, confined 
water flows (FFC) began to dominate deposition within the basin. As the climate dried, the 
standing water dried-upwards completely, which led to eventual surface stabilisation 
(SFS), and palaeosol development.  
Surface stabilisation – SFS 
The surface stabilisation association (SFS), and related palaeosol development, was 
deposited towards the point of maximum aridity within the absolute climatic cycle (Figure 
8.14.g). As the climate became progressively more humid, water-driven depositional 
environments became more common throughout the basin setting and most notably, the 
environment graded into the confined water flow association (FFC). As the climate dried, it 
led to the development of calcareous palaeosols.  
9.5.2 Temporal evolution of core 
The overall climate evolved temporally throughout the length of the cored deposits. This 
temporal evolution is important when considering the effects this has upon water flow 
within the zone of interaction. The base of the strata is dominated by deposits that pertain 
to debris-rich depositional environments, which were mainly deposited in the humid 
portion of the absolute climatic cycle. These are overlain by deposits that have been 
related to sheetflood events, which are representative of the point of maximum humidity 
within the absolute climatic cycle. In the distal extent of the basin, when the sheetflood 
environments stagnated, small-scale lacustrine pond environments often developed. 
These are often overlain with deposits that have been interpreted as braided ephemeral 
fluvial environments, which dominated with decreasing humidity. The fluvial environments 
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are often relatively small scale. As the climate reached the point of maximum aridity, the 
flashy events decreased and palaeosols developed on the stabilised surface.  
These variations in depositional environment appear repetitive throughout the succession 
of core, but particular patterns can be observed. Up section, there is a relative decrease in 
the amount of preserved debris-driven deposits, which results in a thicker accumulation of 
the surface stabilisation association (Sfs), and of the fluvial deposits. The depositional 
environments evolved spatially across the basin, as outlined in Section 9.3.3.  
9.6 Application to the Cutler Group model 
The fence diagram developed for the Cutler Group alluvial fan in Utah, U.S.A. has been 
interpreted to display flow zones throughout the alluvial fan system (Figure 9.15). The 
predominant flow-supporting elements in the proximal extent of the basin are derived from 
coarse-grained flow events. Sediment gravity flows, which dominated the talus cone, are 
still relatively permeable, although intermittent fine-grained baffles derived from sheetflood 
events can occur in places. The first of the boreholes occurs within the proximal extent of 
the Brockram Facies alluvial fan system, where the permeable talus cone deposits are 
connected through a series of debris-driven events. For these debris flow events to form 
fluid conduits, they need to have undergone a degree of winnowing to remove the fine-
grained matrix from the deposits. The effect of this winnowing is heightened if the debris-
rich flows were exposed for elongated periods of time, so is more effective in fan systems 
where the debris-driven depositional events were sporadic.  
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These relatively permeable debris-rich deposits also extend through to the medial extent 
of the fan, as represented in borehole 10A, where a large proportion of winnowed debris 
flow deposits can be identified. These occurred due to the processes of wind- and water-
driven fan surface mechanisms. Borehole 10A occurs within the main body of the alluvial 
fan, where there are an increased proportion of debris-flows. The fluvial systems are 
coarse-grained and ephemeral, and can potentially act as flow pathways depending upon 
the degree of fines within the depositional environment. In contrast to this, boreholes 7A 
and 7B occur towards the outer limits of the fan edge. The borehole is still connected to 
flow conduits, but the overall effects are limited in comparison to the main fan body due to 
the proportional increase in the amount of fine-grained sedimentation.  
Borehole 3 occurs towards the distal extent of the basin, just off from the centre of the 
main fan body. This distal extent of the fan is connected to the rest of the alluvial fan 
through rare occurrences of debris flows and aeolian deposits. Again, the fluvial systems 
can occasionally form fluid pathways throughout the basin. It is within the distal extent of 
the alluvial fan that secondary environments started to interdigitate with the fan system, 
mainly though aeolian, lacustrine, and better developed fluvial environments. The distal 
fan toe will occur further east in the East Irish Sea Basin, and as the fence diagram 
displays, the depositional systems become further segregated into clear depositional 
packages. This interlinks to the interactions with the Collyhurst Sandstone, St Bees Shale, 
and St Bees Sandstone formations.  
In the distal extent of the basin, the basal alluvial fans of the Brockram Facies interacted 
with the aeolian and fluvial deposits of the Collyhurst Sandstone Formation, whereas the 
top of the Brockram Facies interacted with the St Bees Shale Formation. The basal 
dominance of debris-rich deposits led to an increase in the amount of both water-driven 
and wind-driven winnowing which increases the potential flow pathways throughout the 
fan environment. There are still occasional sheetflood deposits in the lower part of the 
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sequence in core. Water-rich flows sometimes led to the flooding of the distal aeolian 
systems, and the introduction of intermittent baffles.  
When the Brockram Facies alluvial fans interacted with the St Bees Shale Formation it 
has a limited effect on overall fluid-flow throughout the basin. The most proximal extent of 
the alluvial fan environment experiences almost continuous deposition in the basin margin 
system. This potentially continues until the onset of the deposition of the St Bees 
Sandstone Formation. This can lead to a degree of lateral connectivity between the 
Collyhurst Sandstone Formation and the St Bees Sandstone Formation.  
9.7 Discussion 
The analogue developed for the Cutler Group basin margin system has been used to 
understand how alluvial fan environments affect fluid flow throughout the subsurface in the 
East Irish Sea Basin. Facies assemblages and depositional models have been identified 
and constructed for the deposits of the Cutler Group, and these have been used to 
extrapolate depositional processes and resultant sedimentation beyond the one-
dimensional representation given by the Brockram Facies boreholes. The temporal and 
spatial evolution of the Brockram Facies is best described in relation to the fence diagram 
developed for the Cutler Group. The placement of the borehole positions within the fence 
diagram indicate how these environments evolve, as well as the interconnectivity of these 
deposits. The flow zones shown within the fence diagram suggest that the Brockram 
Facies is highly interconnected, and that the main fan body can act as a conduit for flow. 
This, coupled with the increased amount of flow zones developed throughout the zone of 
interaction, suggests that flow could freely move throughout the Permo-Triassic deposits 
of the East Irish Sea Basin.  
The effectiveness of these zones of elevated flow depends on a number of factors during 
deposition. These conditions can be outlined through the architectures observed within 
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core. Fan magnitude has a large impact upon the amount of observable flow zones 
throughout the basin. The larger the fan environment, the further throughout the basin the 
fan system propagates, and the more laterally wide-spread the flow zones. In addition to 
this, larger-scale fan environments experience a heightened degree of lobe switching, 
which is represented by a greater degree of surface quiescence, which leads to a greater 
degree of winnowing. As a high amount of winnowing can be observed throughout the 
core, these periods of surface quiescence are evident.  
The lateral connectivity throughout the fan system can be established using the 
correlation between the fan deposits, and the relative position of the boreholes across the 
fence diagram. There are also implications for connectivity up-section in the deposits, 
which are relatively more difficult to interpret in core. The proximal deposits are highly 
connected up-section, especially within the clast-supported deposits of the avalanche 
systems. The proximal fan is also connected upwards through the stacking of debris flow 
deposits. The more distal extent of the fan is relatively more compartmentalised into both 
permeable and impermeable deposits. These can, however, be connected through the 
deposits of the zone of interaction, which forms pathways that act as either bypasses to 
charge distal permeable lithologies, or act as potential thief zones. Therefore, it can be 
assumed that a degree of up-section connectivity does occur throughout the fan deposits. 
Potential flow zones can be established throughout the East Irish Sea Basin subsurface, 
mainly where debris-rich deposits occur, and especially when the surface of these 
deposits have been extensively winnowed, leading to clast supported architectures. There 
is evidence of palaeoflow zones throughout the deposits, highlighted by zones of 
mineralisation. These mineralisation events have been interpreted by NIREX (1997) within 
small scale faults and fractures, but these events also led to mineralisation within 
interstitial porosity (Figure 9.16).  
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The dating of these events suggest that these flow zones were active for an elongated 
period of time, from sulphate mineralisation during early stage burial diagenesis during the 
Permo-Triassic, right though to oxide and carbonate mineralisation events in the Cenozoic 
Period. Laterally extensive mineralisation, both spatially and up-section, confirms the 
identified flow zones from the model developed for the Cutler Group deposits.  
9.8 Summary  
The exposed alluvial fan deposits of the Eden Valley Basin are mainly representative of 
the medial extent of the fan system. The majority of the exposures occur in proximity to 
the towns of Burrells and Hoff, and display repeated events of debris flows, fluvial systems 
and sheetfloods. The exposures represent the main body of the alluvial fan, with very 
occasional fan edge systems. As the deposits are poorly exposed, the analogue of the 
Cutler Group, Utah, U.S.A. has been used to understand the deposits of the Brockram 
Facies in the East Irish Sea Basin, which makes up part of the stratigraphy of a potential 
nuclear waste repository.   
To understand the deposits in the subsurface, boreholes have been studied across the 
East Irish Sea Basin, from the proximal to distal cores of the Brockram Facies. The 
deposits within the core suggest that the system evolved from debris flows and avalanche 
environments, in the proximal extent of the basin, with intermittent sheetflood and 
stabilised surface elements, to debris flows, sheetfloods, fluvial environments, and 
stabilised surfaces in the medial extent of the basin. The distal extent of the basin displays 
rare debris flows, some sheetfloods, better developed fluvial environments, well 
developed palaeosols and rare lacustrine deposits. These elements identified in core 
respond to fan-scale alterations in climate.  
The Brockram Facies interfingers with the contemporaneous Collyhurst Sandstone 
Formation in the distal extent of the basin. Architectures that pertain to the zone of 
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interaction can be observed within the core. Winnowing of the debris flows has been 
identified, and has been attributed to interactions with both wind and water. Reworking of 
aeolian sediments can also be identified through bands of flow aligned millet-seed 
sandstone. Water-flow to lacustrine interactions can also be identified in core. These 
interacting elements will become more prominent with distance into the East Irish Sea 
Basin. 
The understanding of the borehole positions can be used to analyse potential flow zones 
throughout the deposits of the East Irish Sea Basin. The boreholes have been positioned 
in relation to the Cutler Group fence diagram of the alluvial fan which highlights flow zones 
throughout permeable aeolian deposits, winnowed horizons of debris flows and clast-
supported deposits that occur throughout the talus cone in the most proximal extent of the 
basin, which is not represented in core. These identified flow zones are verified through 
the mineralisation events that have been established in the deposits.  
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This research looks at the well-exposed basin margin fan systems of the Permian Cutler 
Group of the Paradox Basin, U.S.A. The Paradox Basin is an intracratonic foreland basin 
fringed by the Uncompahgre Uplift, which provides the source material for the majority of 
the Cutler Group fans. The basin-proximal extent of the Cutler Group, towards the 
northeast of the basin, is lithostratigraphically undivided, and the deposits represent a 
large-scale alluvial fan system. The fan extends towards the southwest, from the 
Colorado-Utah border, to the town of Moab in Utah. From here, the fan interdigitates with 
the sediments of contemporaneous environments in the basin centre to the southwest. 
The Cutler Group in the basin centre is divided into: 1) the shallow marine lower Cutler 
beds; 2) the terminal fluvial system of the Organ Rock Formation; 3) the periodically 
flooded aeolian erg of the Cedar Mesa Sandstone; and, 4) the aeolian White Rim 
Sandstone.  
The analysis of the Cutler Group is used to better understand the poorly exposed Permo-
Triassic deposits of the Brockram Facies, northern England, which form a significant part 
of the stratigraphy in an area suggested for a potential nuclear waste repository.  
The overall aim of this research is to conduct a detailed sedimentological analysis of 
continental basin margin systems to ascertain how deposition within these areas is 
affected by spatial variation in depositional environment, and temporal variation in climate. 
The spatial variations are considered by looking at how the systems evolve through the 
zone of interaction between the proximal extent of the basin and the basin centre. The 
main temporal control on the deposits was climatic variations, as the Paradox Basin was 
relatively tectonically quiescent for the duration of the Permian Period. The work also 
analyses the styles of environment interaction between the basin margin settings and the 
contemporaneous deposits of the basin centre. The stratigraphical framework for these 
CHAPTER TEN: 
Conclusions and Future Work  
Chapter Ten: Conclusions and Future Work 
 
 
374 
 
systems is used to better understand the potential effects that these deposits have upon 
subsurface fluid flow.  
In order to achieve these aims, the following objectives have been addressed:-  
 Examine and record the sedimentology, the spatial variation, and the temporal 
cyclicity of the deposits at all scales within the Cutler Group alluvial fans in 
order to develop three-dimensional models of the alluvial fan, fan-related 
environments, and the zone of interaction between the fan and the distal extent 
of the basin.  
 Examine, record, and interpret spatial and temporal sedimentary interactions 
between alluvial fan sediments and those of contemporaneous distal aeolian, 
fluvial, lacustrine and marine environments using transects across the Paradox 
Basin.  
 Develop models of these sedimentary interactions between proximal alluvial 
fan deposition and distal sedimentary environments in continental basins, both 
spatially and temporally. 
 Use these interactions, combined with regional climatic cycles identified in the 
distal basin environments by other workers (Wakefield & Mountney 2013, 
Jordan & Mountney 2013, Cain & Mountney 2010, Mountney 2006, Mountney 
& Jagger 2004, Howell & Mountney 1997) to separate the effects of basin-
scale regional climatic cycles on alluvial fan sedimentation from those of 
smaller scale, localised cycles. 
 Demonstrate the effects on potential sub-surface fluid pathways from 
sedimentary variations in alluvial fans and fan interaction with basinal 
sediments. 
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 Use the developed models to interpret the Permo-Triassic strata of the East 
Irish Sea Basin to further understand the facies, facies relationships, and 
potential subsurface fluid-flow. 
The data used within this research were gathered through traditional sedimentological 
techniques. This research combines data from one-dimensional logs, two-dimensional 
panels, and palaeocurrent data from field exposures in the Paradox Basin, and borehole 
data from the East Irish Sea Basin. 
10.1 Spatial variations and temporal cyclicity of the Cutler Group alluvial fans 
This work has identified twenty-eight facies throughout the fan system, each of which 
highlights different depositional processes. The main processes show deposition through 
water flows and debris flows, with intermittent occurrences of wind-blown sediment, 
deposition through gravitational settling, deposition in shallow marine environments, and 
pedogenesis. These facies are further analysed to interpret facies associations, which 
highlight confined and lobate debris flows, confined and unconfined water flows, aeolian 
wind-blown environments, carbonate-forming environments, restricted bodies of shallow 
water and palaeosols. The alluvial fan can be divided into proximal, medial, and distal, 
with the identified environments evolving throughout. 
Further analysis of the facies associations can highlight architectural elements. Proximal-
most deposition occurs within the talus cone of the alluvial fan, which is dominated by 
coarse-grained sediment gravity flows, through rock fall, rock slide and avalanche 
mechanisms. The proximal fan (Figure 2.1) is mainly dominated by debris-flows, both on 
the fan surface, and through incised channel systems, as well as episodic fluvial systems. 
The proximal fan-surface fluvial systems were braided, and became gradationally more 
mature with distance into the distal extent of the fan. Sheetflood and rare sieve deposits 
are also present in proximal exposures.  
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Secondary fan-related environments occurred away from the proximal extent of the 
alluvial fan. Aeolian dune, interdune, and sandsheets occurred in the medial to distal 
extent of the fan system (Figure 2.1). Deposits that pertain to shallow marine and 
lacustrine environments occurred in the distal alluvial fan, towards the fan toe (Figure 2.1). 
Palaeosolic horizons occurred throughout the fan system.  
The deposits of the alluvial fan are connected longitudinally from the proximal to distal 
extent of the fan system, as highlighted in the fence diagram constructed from the Cutler 
Group deposits. A higher resolution scatter of data would allow for a more detailed 
analysis of the connectivity of the fan system, but the divisions displayed in Chapter Four 
highlight the evolution of the depositional systems throughout the basin margin system. 
The depositional environments became progressively more water-driven towards the 
distal extent of the alluvial fan, where the system began to interact with secondary 
aeolian, lacustrine, and shallow marine environments.  
10.2 Spatial and temporal interactions in the zone of interaction 
The alluvial fan deposits interdigitate with the contemporaneous deposits of the distal 
extent of the basin. This zone of interaction is referred to informally as the ‘Arkosic Facies’ 
within the Cutler Group literature. The styles of environmental interaction incorporate the 
facies identified within the alluvial fan, as well as seven additional facies which are unique 
to the zone of interaction.  
The models of the fan system recognise predominately debris-driven, water-driven, and 
aeolian environments. These dominant fan environments interacted with distal aeolian, 
fluvial, and lacustrine systems. When the alluvial fan was dominated by debris-rich 
elements, the interactions caused: 1) wind-winnowed debris flows, when the distal basin 
was dominantly aeolian environments; 2) water-winnowed debris flows, when fluvial 
environments dominated the distal extent of the basin; and, 3) coarse, subaqueous fans 
when debris-rich flows influxed into distal lacustrine bodies. When water-rich flows 
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dominated the fan system, the interactions resulted in: 1) flooded distal aeolian 
environments; and, 2) the formation of subaqueous fans, when the proximal water flows 
infiltrated into more distal lacustrine environments. When aeolian and lacustrine systems 
interacted they led to an overprint of finer grained and better sorted sediments in the 
resultant deposits. Periodic marine incursions also affected deposition within the zone of 
interaction.  
The sedimentary architectures represent how the deposits of the zone of interaction 
evolved from the proximal to distal extent of the basin. Outcrop geometries add to this by 
allowing for the examination of how the deposits evolve laterally across the transverse 
cross-section of the fan. With distance to the basin centre, the environments became 
relatively more stabilised, and progressively representative of the contemporaneous 
subdivided environments of the distal extent of the basin. 
10.3 Effect of climate on continental basins 
In order to be able to better predict the sedimentology of continental basin margin 
systems, the response of the deposits to climatic alterations has been established. Each 
of the individual environments was commonly deposited at a particular point within the 
absolute climatic cycle. At the point of maximum humidity, sheetfloods, debris flows, 
incised channels, and lacustrine environments were common. During the wetting upwards 
and drying upwards stages of the climatic cycle, talus cones, sieve deposits, braided and 
mature fluvial systems, and wet interdunes commonly occurred. Finally, at the point of 
maximum aridity, palaeosols, dry interdunes, sandsheets, and aeolian ergs developed. 
After the initiation of deposition in each environment, the system responded temporally to 
further wetting or drying of the climate. For the elements of the zone of interaction to 
develop, two competing environments needed to be present at the point of deposition. 
This requires an overlap of the dominant climate needed to initiate each of the competing 
environments. Again, the elements formed within the zone of interaction responded to 
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further wetting or drying within the climatic regime. Knowledge of the climatic regime at 
the time of deposition can aid in the prediction of the spatial and temporal position of 
these interacting elements in other, lesser exposed, continental basin margin systems.  
The observed response of the individual elements to climatic variations can be used to 
interpret the logs taken throughout the Paradox Basin to determine temporal climatic 
changes within the deposits. The climatic variations in the fan system itself were highly 
variable as the deposits were affected by overriding allocyclic variations, as well as 
shorter-term autogenic alterations, such as localised climatic changes, depositional lobe 
switching, and changes in localised base level due to salt uplift in the Salt-Mini-Basin 
Province. In the zone of interaction, the climatic controls became dominated by large-
scale climatic alterations, but were still relatively variable due to the competing 
depositional environments required to form the unique sedimentary architectures. The 
allocyclic climatic variations became dominant with distance into the basin centre, as 
observed within the lithostratigraphically divided distal environments. 
The climatic variations identified for each logged locality can be used to correlate the logs 
throughout the Cutler Group sediments. The correlation identifies different magnitudes of 
cyclicity within the sediments, including: 1) potentially orbital forced cyclicity, which can be 
correlated to known cyclicity in the distal extent of the basin; 2) higher frequency periodic 
cyclicity, which can be correlated through the Cutler Group sediments; 3) less regular 
quasi-periodic cyclicity; and, 4) more localised autogenic cyclicity, which is more prevalent 
in the proximal extent of the Cutler Group. As the climatic correlations are based on a 
qualitative technique it is difficult to relate the observed cyclicity to any known global 
cycles. Despite this, the correlation can aid in the prediction of sedimentation in other, 
lesser exposed, basin margin systems.  
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10.4 Basin scale fluid flow 
In previous models, alluvial fans have been considered as relatively impermeable. The 
work presented here demonstrates that flow conduits are prevalent within the fan bodies. 
The fans themselves are relatively permeable under the correct conditions. Within the 
Cutler Group fans, the main connectivity occurs within the talus cone, in the proximal 
extent of the alluvial fan system, which is formed of the most permeable elements within 
the alluvial fan system. With distance from the basin margin, the main areas of 
connectivity are through the deposits of long reaching debris flows, coarse-grained 
braided fluvial systems, and eventually through relatively more distal aeolian 
accumulations.  
The centre of the Paradox Basin is dominated by sediments that cycle between shallow 
marine, fluvial, and aeolian environments. The aeolian deposits are known permeable 
sediments. The contemporaneous deposits can be connected to the alluvial fan system 
through the zone of interaction, and can have a marked effect on basin-scale fluid flow. 
The interactions can lead to flow zones throughout the deposits, which can: 1) charge 
aquifers in the distal extent of the basin; 2) connect otherwise isolated distal reservoirs; 
and, 3) act as a thief zone away from potential aquifers. The interactions can also lead to 
flow restrictions by introducing baffles into otherwise productive systems, such as periodic 
flood events from proximal fluvial systems influxing over the aeolian depositional setting. 
The creation of flow zones throughout the deposits can be elevated or subdued in differing 
climatic conditions, which reiterates the importance of climatic controls on these 
depositional systems.  
The identified flow zones within the Cutler Group deposits are spatially extensive 
throughout the Paradox Basin system. These can be highlighted using the 
cyclostratigraphical correlation of the basin. This correlation gives a crude overview of the 
flow zones, which are a lot more variable in a localised sense, and highlights the fact that 
flow pathways are spatially and temporally connected within the basin system. The 
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interpreted correlation also highlights the complexities of the flow zones throughout the 
zone of interaction, which connects potential aquifers in the distal extent of the basin both 
up-section, and laterally throughout the fan deposits. The knowledge of these flow zones 
can aid in the prediction of flow in poorly exposed, or subsurface, systems.  
10.5 Application to the Brockram Facies 
The model developed for the Cutler Group fans is used to better understand the deposits 
of the Brockram Facies of northern England. The Permian Brockram Facies alluvial fans 
are exposed sporadically throughout the Eden Valley Basin, which allows for a limited 
analysis of the fan system at outcrop scale. As well as this, the model is used to better 
understand the subsurface deposits of the East Irish Sea Basin. Boreholes have been 
studied across the East Irish Sea Basin, and the interpretation of the deposits has 
identified twelve individual facies. Further interpretation of the facies within the core 
suggest that the depositional system grades from coarser avalanche and debris-flow 
deposits in proximity to the Lake District Block, with intermittent palaeosol and sheetflood 
elements, to increasing occurrences of fluvial and lacustrine deposits with distance into 
the basin centre. Towards the basin centre the deposits of the Brockram Facies 
interdigitate with the contemporaneous formations. A few of the unique architectures of 
the zone of interaction can be identified within the core, but much of the zone of 
interaction is not drilled, therefore, the model developed for the Cutler Group is used to 
interpret the spatial variations within the Brockram Facies zone of interaction. The 
deposits of the Brockram Facies predictably respond to fan-scale climatic variations, as 
observed within the Cutler Group analogue.  
Using the knowledge of the flow zones created throughout the zone of interaction, flow 
throughout the Brockram Facies can be predicted. Due to the abundance of debris flows 
in the system, intermittent aeolian systems, and extensive winnowed horizons, it is likely 
that far reaching temporal and spatial connectivity occurs throughout the Brockram Facies 
alluvial fans. These flow zones can be verified by looking at the extensive nature of 
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mineralisation events observed throughout the Brockram Facies deposits. These 
mineralisation events occurred from the point of early burial through to relatively recent 
times. This proves that these fan system flow conduits are connected both spatially 
throughout the basin, and up-section through the deposits. The flow zones are also 
proven to be active for extended periods of time.  
10.6 Future work  
This research presents a detailed sedimentological framework for continental basin 
margin systems, and for the zone of interaction between these systems and the distal 
extent of the basin. However, the limitations are: 1) the lack of density of data available for 
these systems; 2) the lack of a method to model the fluid flow through the deposits in 
other subsurface systems; and, 3) no available dating technique for continental 
sediments. To address these, the future work considers: 1) analysis of modern day 
analogues; 2) numerical modelling; 3) provenance studies; and, 4) a more in depth study 
of the dating of continental sediments.  
10.6.1 Further analysis of continental basin margin systems 
In order to better understand the basin margin systems presented in this work, it would be 
beneficial to conduct a modern day analogue study on similar, large-scale, alluvial fan 
systems. One potential area for study would be the alluvial fans deposited off the eastern 
side of Death Valley, California, U.S.A. The fans cover approximately 35km2 in terms of 
area (Denny 1965), but this slightly smaller scale allows for closer observations of the 
interaction between the fans, and compound fan systems, and the environments that 
dominate the distal extent of the basin. In a similar fashion to the Permian-aged fans 
considered in this research, the climatic regime of Death Valley is semi-arid (Blair 1999). 
The study of fan deposition off an active basin margin would also add to the knowledge of 
these depositional systems. Continental alluvial fan environments can be controlled by 
both climatic and tectonic cyclicity, the Brockram Facies, for example, is deposited off a 
Chapter Ten: Conclusions and Future Work 
 
 
382 
 
tectonically active extensional basin margin. These tectonic controls can affect both the 
placement and size of the fan system. Knowledge of the tectonic regime, and the 
subsequent control on sediment dispersal, is important when considering subsurface 
systems. This further study would be facilitated by the knowledge of the climatic cycles 
presented within this research, which can be isolated from the cyclic effects caused by 
any tectonic alterations.  
10.6.2 Stochastic models 
This research has developed a stratigraphical framework for basin margin systems, which 
aids in the understanding of similar deposits in the subsurface. The development of a 
numerical modelling technique would help refine the understanding of fluid flow within the 
subsurface. Due to the variable nature of basin margin systems, the best method of 
numerically modelling the deposits is through stochastic techniques, instead of through 
more deterministic methods (Weissman & Fogg 1999, Bridge & Leeder 1979). In order to 
develop a database for a stochastic model, a series of quantitative properties will need to 
be developed for each of the architectural elements identified throughout the system. For 
example, relative size of the debris flow bodies in relation to the distance of the flows over 
the basin floor. This database would benefit from both outcrop analogues and analysis of 
modern day systems. After a database has been developed from analogue studies, 
limited data from core and well log studies can then be used to develop models for 
individual subsurface systems.  
Extra studies into the petrophysical nature of the deposits is required to refine the fluid 
flow potential of these fan systems, especially when relating the model to poorly exposed 
fan sediments (Fogg et al. 1998). A greater understanding of the porosity and permeability 
of the fans will aid in the development of these subsequent models.  
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10.6.3 Provenance studies 
Within alluvial fan environments both the clast composition and palaeocurrents can give 
an indication of source. This research has established that the predominant source for the 
Cutler Group fans is the Uncompahgre Uplift, but secondary axial fluvial systems 
episodically overtake the dominant mode of deposition within the fan. In order to ascertain 
the effects of competing depositional environments in mega alluvial fan settings, it would 
require extensive provenance analysis, which is currently an ongoing emergent field in 
sedimentology. One of the most established methods for understanding provenance is 
through fission track dating, mainly through detrital zircon analysis, which would be ideal 
for a pilot provenance study. Dating of detrital zircon is most effective in Mesozoic and 
Cenozoic stratigraphy, but has been proved to work within Permian-aged rocks (Hulett 
2012). The coarse-grained component of the conglomerates in the proximal-part of the 
basin is ideal for provenance analysis, as they preserve intact basement rocks (Haughton 
et al, 1990). The finer-grained sandstones, of the relatively more distal extent of the basin, 
will rely upon the presence of accessory detrital minerals, such as zircons (Fedo et al. 
2003).  
Provenance analysis can not only indicate the source of the sediment, it can also highlight 
the transportation pathways prior to deposition, which in itself can provide strong 
correlative horizons throughout continental deposits (Haughton et al. 1991). This analysis 
can also aid in: 1) the interpretation of climate variations throughout deposition, which will 
give more quantitative values than the qualitative method presented in this work; 2) can 
highlight individual tectonic events in tectonically active basins; and, 3) give an indication 
of the relief of the source area during deposition, which can help in the understanding of 
the extent of the fan system (eg. Haughton et al. 1991, Johnsson et al. 1988, Mack 1987, 
Hirst & Nichols 1986, Russell & Allison 1985). Provenance analysis is a powerful 
technique, and one that should be considered now that a strong stratigraphical framework 
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is in place for these basin margin fan systems. The development of a strong model for fan 
provenance will further aid in the interpretation of subsurface systems.   
10.6.4 Dating continental deposits 
The cyclostratigraphical correlation presented throughout this work gives an indication of 
the differing magnitudes of cyclicity within the deposits. This highlights clear correlatable 
horizons across the basin, which potentially fit known global trends. Despite this, there is 
currently no concrete dating of the Cutler Group deposits, and one of the ongoing 
challenges in sedimentology is the dating of continental sediments. The deposits of the 
Cutler Group lack any evidence for volcanism, and contain no distinctive dateable biota.  
There is the potential to radiometrically date the basal limestones of the Cutler Group. 
Radiometric dating has evolved, so data indiscrepancies due to low-level diagenesis, 
through to metamorphism, can be mitigated for when analysing the results (Smith et al. 
1994). The basal limestone could be dated through Pb – Pb or through U – Pb (Jahn & 
Cuvellier 1984, Moorbath et al. 1987). The limestones are constrained to the base of the 
overall thickness of the Cutler Group sediments, meaning that this method would still 
leave a large section of the deposits undated.  
Calcrete beds occur a lot more frequently throughout the entire thickness of the Cutler 
Group, and with some work on the refinement of geochronological techniques, may be 
possible to date. It may be possible to apply U – Pb dating to the calcium carbonate 
cement, or to date the calcite nodules that occur throughout the palaeosolic beds. Calcite 
nodules have been successfully dated in Cambrian Black Shales in southern Scandinavia 
(Isrealson et al. 1996). It may also be worth exploring K – Ar or Ar – Ar radiometric dating 
of diagenentic micas, if the micas can be proved to have formed during early burial 
diagenesis (Perry 1974).  
There is also the potential to analyse bulk magnetic susceptibility in the palaeosol beds, 
which, at millimetre scale, show fluctuations between more humid and more arid periods. 
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The analysis of magnetic susceptibility requires that the data can be plotted against global 
trends. Previous studies into a few of the contemporaneous sub-divisions of the Cutler 
Group suggest that, although the data show climate fluctuations in high resolution, the 
magnetic switching does not allow for overall dating (Scott 2013, Soreghan et al. 2002). 
Despite the fact that further studies into the magnetic susceptibility of the palaeosols will 
probably not constrain the dating of the deposits, further investigations into high-resolution 
climatic fluctuations during deposition will aid in the understanding of the stratigraphical 
framework of basin margin systems.  
Throughout the majority of the proximal extent of the Cutler Group there is a lack of 
datable biota. However, in the contemporaneous marine controlled formations of the distal 
extent of the basin some stratotype fossiliferous content has been observed. The most 
indicative of these are the conodont Streptognathodus isolatus, which represents the 
Carboniferous – Permian boundary, and the fusulinids Ultradaixina and Schellwienia, 
which became almost extinct at the end Permian Period (Scott 2013, Sumida 2005). 
Although these have currently been observed only in the Permian deposits around the 
Mexican Hat area of the distal Paradox Basin, the periodic and extensive marine 
incursions into the Paradox Basin may have contained these taxa. Again, this would leave 
the main body of the Cutler Group undated, but would define the highly debated boundary 
between the Pennsylvanian and the Permian periods.  
10.7 Summary  
The Cutler Group, of the Paradox Basin, western U.S.A, provides unparalleled exposure 
to study large-scale continental basin margin systems. The extensive nature of the Cutler 
Group makes it an ideal analogue for other, lesser exposed deposits, such as those of the 
Brockram Facies, northern England. This research has falsified the general assumption 
that these basin margin clastic bodies are relatively impermeable, by highlighting a 
complex network of flow conduits and pathways. Additionally, the analysis of both the 
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longer-term allocyclic and short-term, fan-scale, climatic cyclicity can help map potential 
flow zones within lesser exposed basins.  
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John Brown Canyon 
 
 
 
 
 
 
 
 
 
  
Application of the cyclicity to the John Brown Canyon locality. The cycles that occur within this 
locality show periodic stages of sediment accumulation and erosion. There is a period of sediment 
accumulation towards the top of the section. The John Brown Canyon locality forms the most distal 
extent of the proximal alluvial fan system.  
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Hittle Butte
Cyclicity applied to the Hittle Butte locality. The Hittle Butte locality forms part of the medial alluvial 
fan system. Cycles of overall sediment accumulation occur with intermittent periods of sediment 
erosion.  
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Fisher Towers Top 
 
Cyclicity observed throughout the top section of the Fisher Towers locality. There is a relatively high 
proportion of debris-driven deposits in comparison to the main body of the Fisher Towers log. The 
Fisher Towers top again represents the medial part of the alluvial fan environment. 
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Castle Valley 
Cyclicity applied to the deposits of the Castle Valley area. The Castle Valley are forms the distal extent of the medial portion of the Cutler Group, Undivided. The deposits exhibit periods of extended sediment accumulation, followed by 
relatively short periods of sediment erosion. 
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Castle Valley White Rim 
 
  
Cyclicity applied to the Castle Valley White Rim logged exposure. The White Rim locality shows the 
gradation into aeolian dominated depositional environments. Forms part of the medial extent of the 
Cutler Group alluvial fan system.  
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Killer Bee  
Exposure at the Moab, Killer Bee locality and the cyclicity that has been observed throughout the 
extent of the deposits. The Killer Bee log is taken towards the distal extent of the Cutler Group 
alluvial fan system. There are indications of influxes of shallow marine environments into this extent 
of the basin.   
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Seven Mile Canyon 
 
  
The log at the Seven Mile Canyon locality has been interpreted to display the cyclicity identified 
throughout the exposure. The exposure occurs around the distal extent of the Cutler Group, 
Undivided system.   
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Potash 
  
The Potash locality represents the proximal part of the zone of interaction. The zone of interaction 
represents the sediment interaction between the proximal and distal parts of the basin. Both wetting 
upwards and drying upwards cycles become more common throughout the zone of interaction.  
Appendix B: Climatic Curves 
 
 
Potash River 
  
The Potash River location occurs in a relatively proximal area to the Potash locality so therefore 
again represents the proximal extent of the zone of interaction. The deposits grade between fluvial, 
aeolian and marine depositional systems.  
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Potash Boat Ramp  
The Potash Boat Ramp locality is again relatively geographically close to the other Potash 
localities. It therefore again represents the proximal extent of the zone of interaction. 
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Kane Creek  
Cyclicity applied to the deposits within the Kane Creek locality. The Kane Creek locality forms part 
of the proximal extent of the zone of interaction. The deposits become more stabilised in this area.  
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Shafer Trail  
  The Shafer Trail locality is the last studied exposure within the proximal part of the zone of 
interaction. The depositional environments grade between predominantly fluvial and predominantly 
aeolian.  
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Lockhart  
The deposits around the Lockhart Basin area are representative of the medial part of the zone of 
interaction. The diagram displays the cyclicity observed throughout the exposure. Repeated 
marine incursions can be identified with larger scale fluvial, aeolian and palaeosol environments.  
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Lockhart Sand Dune 
 The Lockhart Sand Dune locality is again exposed within Lockhart Basin, therefore, again 
symbolises the medial part of the zone of interaction. The log has been interpreted to show climatic 
cycles throughout the deposits. Within the regular cycles of aeolian, fluvial and marine 
environments, a thicker accumulation of lacustrine deposits occurs.  
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Lockhart - Gibson  
The Lockhart – Gibson exposure is again located within the Lockhart Basin area, therefore, again 
relates to the medial extent of the zone of interaction. The log has been interpreted to display 
cyclicity throughout the deposits. The deposits exhibited here are predominately fluvial. 
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Lockhart – Rainy Day  
The Lockhart – Rainy Day is again situated within the Lockhart Canyon area. Therefore, it again 
represents the medial extent of the zone of interaction. The log has been interpreted in terms of 
cyclicity. 
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Dugout Ranch 
The Dugout Ranch locality represents the deposits of the Cedar Mesa Sandstone, along the lateral 
boundary of the zone of interaction. The interpreted cyclicity displays alterations between aeolian 
and fluvial systems. The base of the deposits is highly aeolian.   
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX C: 
Panel Diagrams   
Appendix C: Panel Diagrams   
  
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix C: Panel Diagrams   
 
 
 
 
 
Appendix D – Brockram Facies Logs   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
APPENDIX D: 
Brockram Facies Logs  
Appendix D – Brockram Facies Logs   
 
  
 
 
FFU 
Ccs 
Appendix D – Brockram Facies Logs   
 
  
SGF 
Bmf 
Appendix D – Brockram Facies Logs   
 
Appendix D – Brockram Facies Logs   
 
 
Slpl 
Sm 
Se 
Appendix D – Brockram Facies Logs   
 
 
DF 
SW 
Ccm 
Appendix D – Brockram Facies Logs   
 
DFL 
FFC 
SFS 
Slpl 
Scl 
Lc 
Mc 
Appendix D – Brockram Facies Logs   
 
 
 
Bcs 
Bmc 
